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PREFACE 


This  book  is  a  collection  of  the  some  of  the  papers  presented  at  the  Fifth  Inter¬ 
national  Symposium  on  Quantum  Confinement:  Nanostructures,  held  November 
2-5  in  Boston,  USA,  as  part  of  the  194th  Meeting  of  the  Electrochemical  Society. 
This  symposium  was  a  follow-up  of  previous  meetings  held  in  St  Louis  (Spring 
’92),  San  Francisco  (Spring  ’94),  Chicago  (Fall  ’95),  and  Montreal  (Spring  ’97). 
Forthcoming  meetings  will  be  held  in  Honolulu  (Fall  ’99)  and  in  Washington  (Fall 
’°i). 

The  symposium  was  sponsored  by  the  Dielectric  Science  and  Technology,  the 
Electronics,  and  the  Luminescence  and  Display  Materials  Divisions  of  the  Electro¬ 
chemical  Society.  There  was  a  one  day  session  organized  jointly  with  the  EXCON’ 
98  (Excitonic  Processes  in  Condensed  Matter)  meeting. 

The  symposium  was  organized  to  address  recent  developments  in  the  area 
of  nanoscale  semiconducting  and  metallic  structures  with  emphasis  on  ultrasmall 
clusters  and  their  potential  for  device  applications.  Papers  were  presented  on 
silicon  nanostructures,  porous  silicon,  quantum  dot  structures,  excitons  in  nanos¬ 
tructures,  self-ordered  nanostructures  and  clusters,  quantum  devices,  architectures, 
and  circuits. 

This  Proceedings  Volume  includes  55  of  the  68  papers  presented  at  the  meet¬ 
ing.  The  symposium  was  organized  into  oral  presentations  that  spanned  four  days 
including  one  day  organized  jointly  with  the  EXCON’  98  (Excitonic  Processes  in 
Condensed  Matter)  meeting.  Posters  were  also  presented  during  an  evening  ses¬ 
sion.  Invited  papers  are  indicated  by  an  asterisk  in  the  Table  of  Contents. 

The  editors  thank  all  the  speakers  and  session  chairpersons  for  their  contribu¬ 
tions  to  the  success  of  the  symposium.  We  also  thank  the  Electrochemical  Society 
staff  for  their  constant  support  and  for  their  help  in  preparing  the  volume  for 
publication. 

Finally,  we  would  like  to  conclude  by  expressing  our  appreciation  for  the  finan¬ 
cial  support  provided  by  the  U.S.  Army  Research  Office  and  the  Electrochemical 
Society. 


M.  Cahay 
D.  J.  Lockwood 
J.  P.  Leburton 
S.  Bandyopadhyay 


iii 


TABLE  OF  CONTENTS 


PREFACE .  iii 

Silicon  Nanostructures 

A  Review  on  Epitaxial  Si/Oxygen  Superlattice  as:  Si  Light  Emitter  and 

Insulating  Barrier  .  3 

R.  Tsu* 

Measurement  of  Photocarrier  Lifetimes  in  Silicon  Nanoclusters  .  17 

A.  Kenyon,  S.  Botti,  P.  F.  Trwoga,  and  C.  W.  Pitt 
Characterization  of  RTCVD  Grown  Si  Films  on  SiOz  for  Nanotechnology 

Applications  .  27 

J.  Vizoso,  F.  Martin,  X.  Martinez,  M.  Garriga,  and  X.  Aymerich 
Effects  of  Thermal  Processing  on  Photoluminescence  of  Si  Nanocrystallites 
Prepared  by  Pulsed  Laser  Ablation  .  40 

I.  Umezu,  K.  Shibata,  S.  Yamaguchi,  H.  Sato,  A.  Sugimura,  Y. 
Yamada,  and  T.  Yoshida 

Observation  of  an  Electron  Charging  Effect  in  Si  Nanocrystals  Embedded 

in  an  Ultrathin  Gate  Oxide .  49 

T.  Maeda,  E.  Suzuki,  I.  Sakata,  M.  Yamanaka,  and  K.  Ishii 
Formation  and  Characterization  of  Erbium  Doped  Silicon  Nanocrystals  . .  61 

J.  St  John,  J.  L.  Coffer,  Y.  Chen,  and  R.  F.  Pinizzotto 

Structural  and  Electrical  Characterization  of  Nanocrystalline  Silicon  Super¬ 
lattices  .  76 

L. Tsybeskov* ,  G.  F.  Grom,  P.  M.  Fauchet,  J.  P.  McCaffrey,  J.-M. 
Baribeau,  H.  J.  Labbe,  G.  I.  Sproule,  and  D.  J.  Lockwood 

Ordering  and  Crystallization  in  Ultra  Thin  Si/ SiOi  Superlattices  .  94 

M.  Zacharias,  J.  Blaasing,  P.  Veit,  L.  Tsybeskov,  K.  D.  Hirschman, 
and  P.  M.  Fauchet 

Optical  Properties  of  Silicon  Nanocrystals  Formed  by  Ion  Implantation  . .  106 

M.  H.  Wu,  A.  Ueda,  R.  Mu,  D.  0.  Henderson,  R.  Zuhr,  A.  Mel- 
drum,  and  C.  W.  White 

Nonlinear  Optical  Phenomena  in  the  Luminescence  from  Si  Nanocrystals  118 
D.  Kovalev,  H.  Heckler,  B.  Averboukh,  M.  Ben-Chorin,  andF.  Koch 

Magnetospectroscopy  of  Si  Nanocrystals  .  128 

H.  Heckler,  D.  Kovalev,  G.  Polisski,  N.  N.  Zinov’ev,  and  F.  Koch 


v 


Porous  Silicon 


Light  Emitting  Micropatterns  of  Porous  Semiconductors  Created  at  Surface 

Defects  .  141 

D.J.  Lockwood ,  P.  Schmuki,  and  L.  E.  Erickson 
Quenching  of  Red  Photoluminescence  of  Porous  Silicon  with  Adsorption  of 

Alcohols  .  151 

M.  Shimura ,  K.  Kiyama,  and  T.  Okumura 
Quantum  Size  Controlled  Percolation  Effects  on  Electron  Transport  in 
Nanoparticle  Thin  Films  .  163 

J.  Jacbos,  B.  Hamilton,  D.  Teehan,  and  L.  T.  Canham 

Excitons  in  Nanostructures 

Optical  Properties  of  Semiconductor  Nanocrystals  Embedded  in  Dielectric 

Media .  177 

Al.L.Efros *  and  M.  Rosen 

Excitonic  Optical  Nonlinearity  and  Exciton  Dephasing  in  Quantum  Dots  192 
T.Takagahara* 

Optical  Properties  of  Charged  InAs  Quantum  Dots  .  213 

K.  Schmidt*  ,  J.  Garcia,  G.  Medeiros-Ribeiro,  U.  Kunze,  and  P. 

M.  Petroff 

Internal  Transitions  of  Neutral  and  Charged  Magneto-excitons  in  GaAs 

Nanostructures  by  Optically  Detected  Resonance  Spectroscopy  .  227 

B.D.McCombe* ,  H.  A.  Nickel,  G.  Kioseoglou,  G.  S.  Herold,  T. 

Yeo,  H.  D.  Cheong,  A.  Petrou,  A.  D.  Dzyubenko,  A.  Yu.  Sivachenko,  and 
D.  Broido 

Optical  Properties  of  Excitons  in  Semiconductor  Quantum  Wires .  241 

V.  Dneprovskii,  E.  Zhukov,  E.  Mulyarov,  S.  Tikhodeev,  and  Y. 
Masumoto 


vi 


Quantum  Dot  Structures 


How  to  Describe  the  Electronic  Structure  of  Semiconductor 

Quantum  Dots  .  259 

A.Zunger* 

Spectroscopy  of  a  Few  Electron  Lateral  Dot .  270 

C.  Gould,  A.Sachrajda*  ,  P.  Hawrylak,  P.  Zawadzki,  Y.  Feng,  and 
Z.  Wasilewski 

Stark  Spectroscopy  Investigation  of  Spectral  Diffusion  In  Single  CdSe 

Quantum  Dots  .  280 

K.  Shimizu,  S.  A.  Empedocles,  R.  Neuhauser,  and  M.  G.  Bawendi 
Carrier  Relaxation  in  InGaAs/GaAs  Quantum  Dots  with  Tunable 

Intersublevel  Transitions  .  286 

N.  Perret,  D.  Morris,  and  R.  Leon 

Engineering  of  the  Ferro-Magnetic  and  Ferro-Electric  Properties  of  Strained 

Quantum  Dots  .  297 

J.B.  Khurgin  and  F.  Jin 

Optical  properties  of  ZnSe/Cdse-based  QD  structures  .  312 

A.  D.  Andreev,  R.  P.  Seisyan,  R.  M.  Datsiev,  and  S.  V.  Ivanov 
Effects  of  Carrier  Relaxation  and  Emission  on  Photoluminescence  of  InAs 

Quantum  Dots  .  318 

H.  Zhu,  Z.  M.  Wang,  B.  Q.  Sun,  S.  L.  Feng,  D.  S .  Jiang,  and  H. 

Z.  Zheng 

Dynamical  And  Spectral  Peculiarities  Of  Quantum  Dot  Lasers  Under 
Different  Operation  Conditions  .  320 

D.  Bhattacharyya,  E.  A.  Avrutin,  A.  C.  Bryce,  J.  M.  Gray,  J.  H. 
Marsh,  D.  Bimberg,  F.  Heinrichsdorff,  V.  M.  Ustinov,  S.  V.  Zaitsev,  N.  N. 
Ledentsov,  Z.  I.  Alferov,  A.  I.  Onishchenko,  and  E.  P.  O’  Reilly 

Self-Ordered  Nanostructures 

Size-controllable  Nanostructure  Array  Fabrication  with  Self-Assembly  ...  335 

C.  Haginoya,  M.  Ishibashi,  and  K.  Koike 

Carrier  Dynamics  in  Stacked  Self-Assembled  InAs/GaAs  Quantum  Dots  .  348 

D.  Morris  and  S.  Fafard 

Intraband  Excited  States  and  Relaxation  Time  in  InAs/GaAs  Self- 

Assembled  Quantum  Dots  .  357 

S.  Sauvage,  P.  Boucaud,  F.  Glotin,  R.  Prazeres,  J.-M.  Ortega,  A. 
Lemaitre,  J.-M.  Gerard,  and  V.  Thierry-Mieg 

Electronic  Bistability  in  An  Electrochemically  Self-Assembled  Array  of 

Semiconductor  Quantum  Dots  .  371 

S.  Bandyopadhyay,  N.  Kouklin,  L.  Menon,  L.  Balandin,  D.  Zaret- 
sky,  A.  Varfolomeev,  and  S.  Tereshin 


vii 


Clusters  and  Other  Nanostructures 

Magneto-optical  properties  of  II- VI  semiconductor  nanoparticles,  either 

embedded  in  glass  matrix  or  covered  by  epitaxial  capping  .  381 

E.  Lifshitz,  H.-E.  Porteanu,  I.  D.  Litvin ,  and  A.  Glozman, 

Photoluminescence  of  Nanocrystalline  ZnO  Particles  .  392 

A.  van  Dijken,  E.  A.  Meulenkamp,  D.  Vanmaekelbergh,  and  A. 
Meijerink 

Photo-induced  Nano-Patterns  on  the  Surface  of  Ceo  Single  Crystals .  402 

L.  Jiang,  Y.  Kim,  T.  Iyoda,  J.  Lin,  K.  Kitazawa,  A.  Fujishima, 
and  K.  Hashimoto 

Photoresponse  of  Spray-Pyrolytically  Synthesized  Nanocrystalline  n-Fe203 

Thin  Film  Electrodes  Towards  The  Water-Splitting  Reaction  .  410 

S.U.M.  Khan  and  J.  Akikusa 

Modification  of  One  Phonon  Emission  Rates  Due  to  Finite  Size  Effects  in 

Y202Eu3+  Nanocrystals  .  430 

H.-S.  Yang,  R.  S.  Meltzer,  W.  M.  Dennis,  S.  P.  Feofilov,  and  B. 

M.  Tissue 

Optical  Properties  of  Au  Nanocrystals  Confined  in  Porous  Vycor  Glass  . .  439 

R.  Mu,  A.  Ueda,  M.  H.  Wu,  D.  0.  Henderson,  K.  Malone,  G.  Mills, 
and  A.  Meldrum 

Copper  Doped  CdSe  Nanocrystalline  Thin  Films .  454 

N.  Chandrasekharan,  S.  Gorer,  and  G.  Hodes 
Calculation  of  Structure  and  Properties  of  Semiconductor  Clusters: 

Influence  of  Extended  Defects  .  464 

K.  Masuda-Jindo,  M.  Menon,  K.  R.  Subbaswamy,  and  M.  Aoki 
Computer  Simulation  Study  of  The  Properties  of  Strained  Layer 
Superlattices  by  TBMD  and  PPM  .  475 

K.  Masuda-Jindo  and  R.  Kikuchi 

Interface  Light  Absorption  in  Nanostructures  .  489 

L.  Braginsky  and  V.  Shklover 


Quantum  Devices,  Architectures,  and  Circuits 


Role  of  Small  Dimensions  and  Quantum  Confinement  in  Small  Silicon 

Memories  .  507 

S.Tiwari*,  F,  Rana,  A.  Kumar ,  J.J.  Welser,  and  C.T.  Balck 

Electron  Waveguide  Pumped  Quantum  Wire  Far  IR  Laser .  529 

E.  Forsberg,  J.-O.  Wesstrom,  L.  Thylen,  and  T.  Palm 
3D  Computer  Modeling  of  Silicon  Quantum-Dot  Floating  Gate  Flash 

Memory  Device  .  542 

A.  Thean  and  J.-P.  Leburton 

Simulation  of  Nanoscale  Silicon  Conduction  Channels  .  551 

A.  Trellakis  and  U.  Ravaioli 

Magneto-capacitance  of  Multiprobe  Mesoscopic  Systems .  563 

P.  Pomorski 

Adaptive  Control  of  Single-Electron  Circuit  Signatures  for  Computation  .  574 

R.  Rendell 

Fault  Rates  in  Nanochips .  582 

S.  Spagocci  and  T.  Fountain 

Influence  of  the  Spin-Orbit  Split-Off  Band  on  the  Tunneling  Properties  of 

Holes  Across  InAlAs/InGaAs  and  InP/InGaAs  Interfaces .  597 

S.  Ekbote,  M.  Cahay,  and  K.  Roenker 
Johnson  Noise  in  Quantum  Wires:  Temperature  Dependence  and  the  Effect 

of  High  Electric  Fields .  618 

A.  Svizhenko,  S.  Bandy opadhy ay,  and  M.  Stroscio 
Visible  Light  Emitting  Device  with  Schottky  Contact  on  Ultra-thin 

Amorphous  Silicon  Layer  Containing  Silicon  Nanocrystals  .  629 

S.  Fujita  and  N.  Sugiyama 

Quantum  Transport  Through  an  Atomic  Cluster  .  640 

J.  Taylor,  H.  Guo,  anf  J.  Wang 

Nonlinear  Resonant  Tunnelling  Through  a  Double  Degenerate  Local  State 

and  Strong  Electron-Phonon  Interaction  .  650 

V.  N.  Ermakov 

The  Domains  of  Current  in  the  Resonant  Tunneling  Diodes  .  663 

M.  Feiginov  and  V.  A.  Volkov 

Radioactivity  -  Induced  Degradation  of  Si  PIN  Photodetectors  .  670 

E.  A.  Anagnostakis 


ix 


Invited  Speaker 


AUTHOR  INDEX .  681 

SUBJECT  INDEX  .  687 


x 


FACTS  ABOUT  THE  ELECTROCHEMICAL  SOCIETY,  INC. 


The  Electrochemical  Society,  Inc.,  is  an  international,  nonprofit,  scientific,  educational 
organization  founded  for  the  advancement  of  the  theory  and  practice  of  electrochemistry, 
electrothermics,  electronics,  and  allied  subjects.  The  Society  was  founded  in  Philadelphia  in 
1902  and  incorporated  in  1930.  There  are  currently  over  7,000  scientists  and  engineers  from 
more  than  70  countries  who  hold  individual  membership;  the  Society  is  also  supported  by 
more  than  100  corporations  through  Contributing  Memberships. 

The  Technical  activities  of  the  Society  are  carried  on  by  Divisions  and  Groups.  Local 
Sections  of  the  Society  have  been  organized  in  a  number  of  cities  and  regions.  Major 
international  meetings  of  the  Society  are  held  in  the  Spring  and  Fall  of  each  year.  At  these 
meetings,  the  Divisions  and  Groups  hold  general  sessions  and  sponsor  symposia  on 
specialized  subjects. 

The  Society  has  an  active  publications  program  which  includes  the  following: 

Journal  of  The  Electrochemical  Society  -  The  Journal  is  a  monthly  publication  containing 
technical  papers  covering  basic  research  and  technology  of  interest  in  the  areas  of  concern 
to  the  Society.  Papers  submitted  for  publication  are  subjected  to  careful  evaluation  and 
review  by  authorities  in  the  field  before  acceptance,  and  high  standards  are  maintained  for 
the  technical  content  of  the  Journal 

Electrochemical  and  Solid-State  Letters  -  Letters  is  the  Society's  rapid-publication, 
electronic  journal.  Papers  are  published  as  available  at  http://www3.electrochem.org/letters.html. 
This  peer-reviewed  journal  covers  the  leading  edge  In  research  and  development  in  all  fields 
of  interest  to  ECS.  It  is  a  joint  publication  of  the  ECS  and  the  IEEE  Electron  Devices  Society. 

Interface  -  Interface  is  a  quarterly  publication  containing  news,  reviews,  advertisements,  and 
articles  on  technical  matters  of  interest  to  Society  Members  in  a  lively,  casual  format.  Also 
featured  in  each  issue  are  special  pages  dedicated  to  serving  the  interests  of  the  Society  and 
allowing  better  communication  among  Divisions,  Groups,  and  Local  Sections. 

Meeting  Abstracts  (formerly  Extended  Abstracts)  -  Meeting  Abstracts  of  the  technical  papers 
presented  at  the  Spring  and  Fall  Meetings  of  the  Society  are  published  in  serialized 
softbound  volumes. 

Proceedings  Series  -  Papers  presented  in  symposia  at  Society  and  Topical  Meetings  are 
published  as  serialized  Proceedings  Volumes.  These  provide  up-to-date  views  of  specialized 
topics  and  frequently  offer  comprehensive  treatment  of  rapidly  developing  areas. 

Monograph  Volumes  -  The  Society  sponsors  the  publication  of  hardbound  Monograph 
Volumes,  which  provide  authoritative  accounts  of  specific  topics  in  electrochemistry, 
solid-state  science,  and  related  disciplines. 

For  more  information  on  these  and  other  Society  activities,  visit  the  ECS  Web  site: 

http://www.electrochem.org 


xi 


Silicon  Nanostructures 


Electrochemical  Society  Proceedings  Volume  98-19 


1 


Electrochemical  Society  Proceedings  Volume  98-19 


A  Review  on  Epitaxial  Si  /  Oxygen  Superlattice  as:  Si  Light 
Emitter  and  Insulating  Barrier 

R.  Tsu 

Department  of  Electrical  and  Computer  Engineering 
University  of  North  Carolina  at  Charlotte 
Charlotte,  NC  28223  USA 

ABSTRACT 

A  coherent  review  of  the  work  in  the  past  several  years  on 
epitaxially  formed  Si/O-superlattice  is  presented.  The  Si  growth  beyond  the 
adsorbed  monolayer  of  oxygen  is  epitaxial  having  fairly  low  defect  density 
consisting  of  stacking  faults  and  dislocations.  At  present,  such  a  structure 
shows  electroluminescence  and  insulating  behavior,  useful  for 
optoelectronic  and  SOI  applications.  Since  this  type  of  superlattice 
consisting  of  monolayers  of  adsorbed  atoms  or  molecules  sandwiched 
between  thin  epitaxially  grown  silicon  (l-2nm),  results  in  very  thin  barriers, 
some  materials  on  the  fundamental  aspects  of  quantum  wells  and 
superlattices,  though  already  in  the  literatures,  are  presented  here  for  a  better 
exposition  of  what  one  can  expect  from  this  type  of  semiconductor-atomic- 
superlattices. 


INTRODUCTION 


Without  a  suitable  heterojunction  barrier,  silicon  has  not  made  a 
significant  contribution  to  quantum  devices.  Silicon  dioxide  with  a  barrier  height  of  3.2 
eV  in  the  conduction  band  of  silicon  is  amorphous,  preventing  the  building  of  a 
quantum  well  structure  on  top  of  the  a-Si02  barrier.  Several  years  ago,  it  was  proposed 
that  the  oxides  of  one  or  two  monolayers  might  allow  the  continuation  of  epitaxy.  [1] 
After  several  failures  in  attempting  to  realize  the  SLB  (Superlattice  Barrier)  with  thin 
silicon  layers  separated  by  thin  oxides,  a  new  method,  involving  the  exposure  to 
molecular  oxygen  followed  by  epitaxial  growth  of  silicon  using  the  in-situ  RHEED 
(reflection  high  energy  electron  diffraction)  for  monitoring  epitaxy,  was  introduced. 
The  arriving  silicon  beam  has  sufficient  energy  to  convert  the  adsorbed  molecular 
oxygen  to  bonded  Si-O.  [2]  Silicon  growth  beyond  a  barrier  structure  consisting  of  1  or 
2nm  of  silicon  sandwiched  between  adjacent  layers  of  adsorbed  oxygen  up  to  100 
Langmuir  of  exposure  for  each  layer  is  epitaxial  and  almost  free  of  stacking  faults  as 
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determined  in  high  resolution  X-TEM.  [3]  The  effective  barrier  height  measured  is 
almost  0.5eV.[4]  It  is  presented  in  the  section  that  follows  that  the  best  theoretically 
estimated  barrier  height  between  silicon  and  mono-oxide  is  1.5eV.  The  difficulties 
involved  in  the  determination  of  extremely  thin  barrier  leads  to  lower  values.  This 
barrier  structure  may  be  repeated  for  achieving  desired  carrier  insulation.  Therefore  we 
now  have  a  method  to  build  an  epitaxial  SOI.  Forming  a  superlattice  by  many  repeats 
of  the  basic  period,  Si/O,  results  in  a  structure  that  exhibits  visible  photo-luminescence 
and  electro-luminescence. [5,6]  It  is  worth  pointing  out  that  our  electro-luminescent 
diode  has  been  life-tested  for  eight  months  of  continuous  operation  without  any 
degradation.  Thus  the  SAS  is  ready  for  playing  an  important  role  in  optoelectronics 
with  silicon. 

This  type  of  superlattice,  semiconductor-atomic-superlattice,  (SAS),  has 
extremely  thin  barriers.  The  unavoidable  defects  such  as  strains,  dangling  bonds,  etc.  at 
the  interfaces,  may  degrade  the  degree  of  quantum  confinement,  particularly  obvious 
when  amorphous  silicon  or  a-Si:H  followed  by  crystallization  is  involved  [7,8].  These 
concerns  have  been  treated  by  using  the  quantum  mechanical  Langevin’s  equation, 
[9,10]  and  by  introducing  a  relaxation  time.  [1 1,12]  Results  of  these  studies,  Refs.9-12, 
indicates  that  quantum  confinement  effects  may  be  easier  to  manifest  than  the  usual 
rule  that  the  mean  free  path  must  be  greater  than  the  well  width,  or  kf  £  rm .  Some 
phase  of  these  published  works  is  repeated  here  to  bring  out  the  principles  involved, 
with  an  emphasis  on  clarity  and  physical  meanings,  rather  than  mathematical  details. 

The  method  has  been  extended  to  replacing  the  exposure  to  molecular  oxygen 
by  exposure  to  carbon  mono-oxide.  In  this  case,  perhaps  the  name  SAS  should  be 
replaced  by  SMS,  semiconductor-molecular-superlattices.  Results  are  just  as  exciting. 
Hopefully  many  other  systems  should  be  possible.  The  fact  is  that  it  is  rather  difficult  to 
wipe  out  effects  of  epitaxy  short  of  amorphizing  by  ion  bombardment.  [13] 


EPITAXY  ON  Si  (100)  WITH  ADSORBED  OXYGEN 


Silicon  depositions  are  performed  in  a  MBE  system  generally  at  relatively  low 
substrate  temperature  of  550-600°C.  The  exposure  to  molecular  oxygen  is  at  a  lower 
temperature  of  <200°C.  Figure  1  shows  the  in-situ  RHEED:  (a),  buffer  (25nm), 
showing  the  lxl  and  1x2  reconstructions;  (b),  after  exposure  to  10L  (One  Langmuir  is 
an  exposure  of  100  seconds  at  10  ~8  Torr)  of  molecular  oxygen;  (c),  after  1.1  nm  of 
silicon  deposition  at  0.03nm  /  550  °C,  showing  2D  pattern  changing  to  3D  pattern  and 
the  disappearance  of  the  1x2.  The  pattern  of  (a)  is  restored  after  more  than  5nm  of  Si 
MBE  shown  in  (d).  The  transformation  from  2D  to  3D  pattern  is  mainly  due  to  surface 
roughness. 
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Fig.2  High  resolution  X-TEM  (Middle  arrow  shows  O/Si/O  cluster) 
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Figure  2,  a  high  resolution  X-TEM  shows  the  buffer  (25nm)  and  2  repeats  of 
adsorbed  oxygen  (10L  each).  Note  that  oxygen  forms  a  cluster  (middle  vertical  arrow) 
of  size  generally  in  the  neighborhood  of  2.5x10  nm.  The  lattice  image  does  not  show 
the  details  of  the  disordered  oxygen.  Low  resolution  X-TEM  shows  almost  void  of 
stacking  faults.  Distler  et  al. [13]  reported  the  oriented  nucleation  of  gold  on  NaCl 
precoated  with  amorphous  carbon  layers  below  a  critical  thickness,  and  concluded  that 
a  sufficiently  thin  amorphous  intermediate  layer  between  substrate  and  deposit  failed  to 
inhibit  epitaxy.  Electrical  measurements  show  that  up  to  0.5  eV  of  barrier  height  [5]  is 
possible  with  several  repeats  of  the  double-barrier  structure  [14  ],  Si-O/Si/O-Si. 

The  process  has  been  repeated  up  to  nine  periods  forming  the  SAS,  between  the 
n-doped  substrate  and  a  Schottky  front  contact.  This  structure  allows  hot  electrons 
injected  through  the  Schottky  junction  resulting  in  e-h  pair  generation  for  radiative 
recombination  to  take  place  in  the  superlattice  structure.  [15,16]  Figure  3  shows  the  hot 
electron  injection  through  the  front  Schottky  into  the  SMS  while  avalanching  in  the 
deep  depletion  of  the  substrate  results  in  e-h  pairs  for  radiative  recombination  . 


Fig.  3  Band  profile  of  the  Si/O  superlattice  EL  device  under  reverse 
bias.  Electrons  undergo  avalanche  multiplication  providing  holes  for 
recombination  with  light  emission 
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The  observed  PL  (photoluminescence)  peaks  at  2.2eV  while  the  EL  (electro¬ 
luminescence)  spectrum  extends  beyond  the  cutoff  of  the  PL  spectrum  dictated  by  the 
457.9nm  Ar  laser  line.  The  diode  device  has  been  in  continuous  operation  for  more  than 
eight  months  without  signs  of  degradation  with  efficiency  better  than  porous  silicon.  It 
is  frequently  suggested  that  the  visible  light  from  nanoscale  structures  comes  mostly 
from  the  interface  regions.  Although  it  has  been  shown  quite  convincingly  that  in  the 
case  of  silicon  superlattices  [7],  quantum  confinement  plays  an  important  role. 
Actually,  as  the  structure  is  reduced  to  the  point  that  an  appreciable  fraction  of  the 
atoms  are  at  the  interface,  the  important  question  is  whether  control  can  be  maintained 
and  fabrication  can  be  reproducible.  ITie  SAS  is  really  quite  different  from  the 
conventional  superlattices  or  even  the  strain-layer  superlattice.  Here,  the  quantum  states 
are  determined  by  the  effective  barrier  depending  on  the  atomic  orbitals  of  the  oxygen- 
silicon  atoms,  rather  than  the  usual  quantum  confinement  effected  by  the  band-edge 
offset.  The  use  of  surface  adsorption  to  limit  the  oxygen  atoms  to,  at  most  one 
monolayer  seems  to  be  the  main  ingredient  of  the  continuation  of  epitaxy,  although  the 
precise  mechanism  is  yet  to  be  established. 


BARRIER  HEIGHT  OF  Si-O-Si  SAS 


The  conventional  superlattices  [16]  and  quantum  wells  [14]  utilize  the  band- 
edge  offset  of  two  semiconductors  heterojunctions,  such  as  GaAs  /  GaAlAs.  The  class 
of  available  materials  is  further  widened  after  the  introduction  of  the  strain-layered 
superlattices.[17]  Si/Si02  does  not  form  an  epitaxial  junction  because  the  oxide  is 
amorphous.  Figure  4  shows  the  atomic  energy  states  of  silicon  and  oxygen.[18]  Note 
that  the  separation  between  the  unoccupied  states  to  the  occupied  ground  state  is  about 
9eV,  not  too  different  from  the  Si02  band  structure.  [19,20]  Since  we  know  that  the 
conduction  band-edge  offset  between  Si  and  Si02  is  3  eV,  the  half  way  point  is  1.5  eV 
because  only  half  of  the  electron  transfer  is  necessary  for  silicon  mono-oxide.  This  is 
the  basis  of  assigning  1.5eV  for  the  barrier  height  of  Si  and  Si-0  system.  Thus  far  we 
have  not  experimentally  shown  that  the  SAS  indeed  consists  of  Si-0  rather  than  Si02. 
Further  experiment  is  necessary,  using  the  electron  loss  measurement  for  example,  to 
determine  whether  Si-O  is  indeed  involved  in  the  SAS.  However,  the  measured  barrier 
height  is  0.5eV.  As  we  know  that  it  is  very  difficult  to  measure  extremely  thin  barrier 
heights,  it  is  possible  that  the  true  barrier  height  is  1.5  eV  or  the  lower  value  is  correct 
which  represents  SiOx  with  x  <  1.  As  mentioned  earlier,  preliminary  experiments 
indicated  that  we  have  also  succeeded  [21]  in  substituting  CO  for  O  in  the  SAS 
(Semiconductor-Atomic-Superlattice). 
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ATOMIC-Si  Si  ATOMIC-O  SiO  SiO, 


Fig.  4  Atomic  energy  states  for  Si  and  O.  The  high  electro-negativity  of  O  takes 
electrons  away  from  Si  resulting  in  moving  up  the  O  states  with  respect  to  Si 

ISSUES  IMPORTANT  TO  QUANTUM 
CONFINEMENT 


It  is  well  known  that  quantum  confinement  is  involved  whenever  the  observed 
spectra  of  luminescence  is  shifted  up.  However,  apart  from  quantum  confinement, 
damping,  inelastic  scattering  leading  to  a  finite  mean-free-path  or  finite  mean-free-time 
can  also  push  up  the  states.  What  is  important  is  to  be  able  to  compare  the  line 
broadening  with  the  level  shift.  Although  these  issues  were  presented  in  Refs  9-12,  the 
present  discussion  is  to  focus  more  on  the  physical  principle  rather  than  mathematical 
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results.  We  introduce  the  quantum  analog  of  the  Langevin  equation  [22]  for  finite 
mean-  free-path,  and  a  relaxation  time  for  mean-free-time  into  the  Schroedinger 
equation.  In  any  damped  system,  the  Green  function  G  can  be  obtained  and  the  Im  G 
gives  the  spectral  density.  Results  give  resonant  states  with  or  without  damping.  At  first 
sight,  damping  removes  the  electron  density,  which  might  be  viewed  as  a  violation  of 
quantum  mechanics.  However,  we  are  dealing  with  an  open  system  where  electrons  are 
removed  from  a  given  state  into  other  states  in  which  we  have  no  intention  of  keeping 
track.  In  other  words,  as  far  as  we  are  concerned,  once  removed  from  a  given  state,  they 
are  lost  to  the  universe,  an  open  system.  This  is  quite  similar  to  the  classical  treatment 
by  Breit  and  Wigner  [23]  on  the  capture  of  slow  neutrons  where  the  quasi-stationary 
bound  states  are  coupled  to  the  incident  particle  of  a  continuum.  In  essence,  eigenstates 
are  unique  but  quasi-stationary  states  are  not,  rather,  they  depend  on  initial  conditions. 

The  Green  function  for  a  ID  wave  equation  having  a  velocity  dependent 

damping  term  characterized  by  the  operator  Hi  =  2q  ~  ,  with  q  =  (2f  )**  is  [9,10,1 1] 


<?*(*)« 


1 

(k2  -k2)±i2kq  ’ 


(1) 


in  which  (+)  sign  for  x>0  and  (-)  sign  for  x<0,  and  k]  a  2 mE  I  h2,  q,  spatial  damping 
constant  and  k,  the  wave  vector.  The  spectral  density  Im  G+(k)  has  a  maximum  at 

tf-ki-qfr-q 2/kJX  (2) 

and  the  poles  of  G± (k)  are  located  at  k  =  ±{k]  -q2)  1/2  ±  iq . 

Thus,  the  presence  of  damping  up-shifts  the  peak  of  the  spectral  density.  Incidentally  in 
an  RLC  circuit,  the  peak  position  is  independent  of  damping,  R  in  this  case,  because 
wavelength  is  not  involved.  To  understand  the  physical  meaning  of  the  up-shift,  we 
need  to  go  back  to  the  fundamentals.  In  a  quantum  well,  the  eigenstates  are  shifted 
down  due  to  tunneling  out  of  the  confining  barriers  because  the  effective  deBroglie 
wavelength  is  longer  with  tunneling.  On  the  other  hand,  finite  mean  free  path  lowers 
the  effective  deBroglie  wavelength  resulting  in  the  up-shift.  There  is  an  important  point 
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to  be  stressed,  i.e.  phase  coherence  is  not  entirely  destroyed  after  the  particle  traverses  a 
mean-free-path,  rather  there  is  still  1/e  of  the  coherence  left. 

The  finite  mean  free  path  leads  to  a  different  boundary  condition.  Starting  with  the 
current  operator 
h 

J  =  - (y/*ys  -  W*  )  ,  using  Schroedinger  equation,  there  results  the  continuity 

i2m 

equation 

—  +  2qJ  =  0 ,  (5) 

dx 

which  has  the  solution 

— ^-exp(2  qxx)  =  —“Z1exp(2  q2x) .  (4) 

n\  dx  ax 

For  qj  =  q2  =  0,  Eq.(6)  gives  the  usual  condition  applicable  for  the  boundary  condition 
at  a  hetero-junction. 

We  can  also  introduced  a  relaxation  time  with  Hi  =  -i  h  /  x .  There  are  two  possible 
solutions.  The  first  has  complex  energy  and  real  momentum,  which  applies  to  time 
damping  such  as  cyclotron  resonance  and  atomic  transitions.  The  second  has  complex 
momentum  and  real  energy,  which  is  discussed  here.  With  k  =  kr  +  kj , 
kr2  =  ko2  +  k2 ,  and  kj  =  Q2  /  2kr ,  where  Q2  =  2m/  hr .  (5) 

The  density  of  state 

n(E)  —  kr  /  ko2,  has  a  maximum  at  k<>2  =  0.75  Q2,  or  kr  l  £  1,  (6) 

which  is  same  as  l  >  W  /  n;r,  where  W  is  the  width  of  the  quantum  well,  and  kj  = 
Comparison  between  direct  computation  with  the  Schroedinger  equation 
with  an  added  damping  term  with  materials  presented  here  gives  a  condition  for 
quantum  effects,  M  ^  0.3,  where  kc  demarcates  the  local  and  non-local  states.  This 
last  condition  is  far  less  stringent  than  the  general  rule  of  t  £  W . 

The  real  part  of  k  and  n(E)  for  the  mean-free-path  case  is  plotted  in  Fig.  5  for  q  = 
1  and  0.  Note  that  the  peak  in  n(E)  is  up-shifted.  The  propagation,  or  non-local  case  is 
for  E  lying  above  the  maximum  of  n(E),  while  localized  states  lie  below  the  maximum 
as  shown. 
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Kr,  n(E) 


Fig.  5  kr  andn(E)  versus  energy  for  damping  with  mean  free  path 


Kr  ,  K,  ,  nce> 


Fig.  6  kr,  kj ,  and  n(E)  versus  energy  for  damping  in  time 
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The  maxumum  DOS  for  ID  with  q  =  0  is  at  E  =  0.  With  damping,  the  maximum  is 
shifted  up.  Figure  6  shows  the  real  and  imaginary  parts  of  k  and  n(E)  for  time 
damping.  Note  that  damping  actually  results  in  states  in  the  gap  shown  as  shaded  in 
the  figure,  having  an  exponential-like  tail  below  the  “mobility  gap”  defined  by  the 
maximum  in  n(E).  In  3D,  the  Green  function  is  e  ,kr  /  r  giving  n(E)<=c  kr ,  which 
describes  disordered  solids  quite  well.  The  consequence  of  damping  is  to  broaden  the 
quasi-states,  or  the  resonant  states,  and  shifts  up  the  states  in  energy.  Since  localized 
states  are  already  confined,  confinement  in  a  quantum  well  serves  to  move  up  the 
extended  states  with  respect  to  the  localized  states,  resulting  in  a  decrease  in 
trapping.  [12]  It  is  well  known  that  quantum  confinement  shifts  up  the  energy  states, 
and  damping  broadens  these  states,  however,  it  is  not  generally  known  that  damping 
results  in  further  upshift! 

We  close  this  section  with  an  example  this  author  worked  out  many  years  ago, 
[25]  for  a  double  barrier  structure  with  barrier  height  0.4eV,  m*  =  0.07m,  well  width 
of  8nm.  The  quality  factor  Q  ■  E  /  A  E,  with  A  E  being  the  linewidth,  and  the  shift  in 
energy  <?E,  are  calculated  for  the  mean  free  path  t  in  nm. 


t  (nm) 

E(eV) 

Q 

AE 

SE 

OO 

0.0712 

OO 

0 

0 

50 

0.07125 

13.24 

0.005 

0.00003 

20 

0.07162 

5.32 

0.014 

0.00043 

5 

0.07221 

1.39 

0.06 

0.0068 

3 

0.08961 

0.88 

0.10 

0.02 

In  calculating  the  above,  Q  =  M , 

AE  «  2E0/Q,  and  SE 

»  E0  /  4Q2 ,  have  been 

used.  Note  that  as  Q  decreases  with  larger  and  larger  damping  (shorter  and  shorter 

mean  free  path),  eventually  the  shift  can  even  exceed  the  linewidth.  For  good 
materials,  which  apply  to  most  epitaxially  grown  semiconductors,  the  energy  shift 
can  be  neglected  comparing  with  the  line  broadening.  However,  for  bad  materials 
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such  as  amorphous  semiconductors,  the  shift  can  exceed  the  line  broadening.  Thus, 
with  superlattices  and  quantum  wells  having  extremely  thin  wells,  interface  states 
may  degrade  the  mobility  to  the  point  that  the  energy  up-shift  can  be  larger  than  the 
line  broadening.  In  our  context,  such  as  the  luminescence  from  extremely  thin  wells, 
l-2nm  well  width,  the  luminescence  spectra  can  not  only  be  broad,  but  also  can 
further  shift  up  in  energy! 


PHOTO-LUMINESCENCE  AND  ELECTRO-LUMINESCENCE 
OF  Si/O  SUPERLATTICE 

The  fabrication  procedure  for  the  Si/O  epitaxy  superlattice  is  used  to  form  a 
diode  consisting  of  nine  periods  of  Si/O  with  thin  silicon  layers  of  1  .lnm  separated  by 
adsorbed  oxygen.  The  front  aluminum  contact  forms  a  Schottky  barrier  to  serve  as  hot 
electron  injection  as  shown  in  Fig.3.  The  hot  electrons  tunnel  out  of  the  superlattice 
into  the  substrate  result  in  avalanche  multiplication  of  e-h  pairs.  The  trapped  holes 
into  the  valence  band  of  the  Si/O  structures  provide  radiative  recombination.  [6, 15,25] 
It  should  be  noted  that  the  EL  is  produced  with  reverse  bias,  because  avalanche  in  the 
deep  depletion  is  needed.  Couple  of  typical  spectra  are  shown  in  Fig.7.  Note  that  the 
cut-off  in  PL  is  due  to  the  457.9nm  Ar  laser  line  used.  The  visible  PL  appears  red  to 
the  eye  ,  but  the  EL  appears  yellow  to  the  eye  due  to  the  presence  of  sufficient  blue 
component  in  the  spectra.  The  diode  has  been  under  life-test  for  more  than  eight 
months  without  signs  of  degradation.  Figure  8  shows  a  plot  of  the  life-test.  Since  the 
light  intensity  is  proportional  to  the  current,  the  stability  of  the  current  gives  a 
measure  for  the  stability  of  the  light  output. 
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Fig.  7  The  EL  and  PL  spectra  measured  at  room  temperature  of  (a)  sample 
1  at  reverse  bias  V=14  V,  and  (b)  sample  2  at  reverse  bias  V=20  V. 
The  applied  voltage  includes  the  voltage  drop  over  the  substrate. 
The  EL  extends  beyond  the  457.9nm  Ar  laser  line,  used  for  the 
excitation  of  PL 


Time  (hours) 

Fig.  8  Current  versus  time  under  reverse  bias  of  10.4V  of  sample  1 
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CONCLUSION 


This  development,  the  successful  construction  of  a  semiconductor-atomic- 
superlattice  may  have  opened  the  door  to  the  fabrication  of  a  wide  variety  of  electronic 
and  optoelectronic  structures.  In  particular,  the  present  structure,  consisting  of  silicon 
and  bonded  oxygen  most  probably  in  the  form  of  SiO  rather  than  Si02,  is  the  key  to 
allowing  the  continuation  of  epitaxial  growth.  Possible  applications  such  as  silicon-on- 
insulator  (SOI),  and  even  silicon  based  quantum  devices  cannot  be  ruled  out.  The 
realization  that  finite  mean  free  path  or  finite  mean  free  time,  even  at  the  point  of  kf  < 
1  can  exhibit  quantum  confinement  is  good  news  for  optoelectronic  device  fields. 
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ABSTRACT 

Carrier  lifetimes  in  silicon  nanoclusters  have  been  determined  using 
measurements  of  photogenerated  free-c  airier  absorption.  Two  classes  of  samples 
were  studied:  silicon  nanoclusters  deposited  using  laser  pyrolysis  of  silane,  and 
silicon  nanoclusters  in  a  silica  matrix  prepared  by  plasma-enhanced  chemical  vapour 
deposition.  Photocarriers  were  generated  using  modulated  514nm  light  from  an 
argon-ion  laser  and  the  induced  transient  absorption  probed  using  an  840nm  probe 
laser. 

All  samples  showed  visible  and  near-ir  photoluminescence  and  a  band  edge 
absorption  in  the  visible  typical  of  silicon  nanoclusters.  The  silicon  nanopowders 
may  find  useful  application  in  the  field  of  nanophosphors  while  the  silicon-rich 
silica  samples  are  of  interest  from  the  point  of  view  of  producing  all-silicon 
optoelectronics. 

Our  results  consistently  show  very  long  carrier  lifetimes  in  silicon 
nanoclusters.  Lifetimes  are  of  the  order  of  several  milliseconds,  in  contrast  to  the 
tens  to  hundreds  of  microseconds  typical  of  bulk  silicon.  We  attribute  this  increase 
to  a  combination  of  defect  and  impurity-free  clusters  with  a  fully  oxidised  or 
hydrogenated  surface.  The  absence  of  non-radiative  recombination  centres  in  such  a 
system  leads  to  slow  thermally-assisted  recombination  of  carriers,  and  hence  long 
lifetimes. 
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I.  INTRODUCTION 


The  lack  of  a  silicon-based  light  source,  a  consequence  of  the  indirect  bandgap  of 
silicon,  has  so  far  frustrated  attempts  at  true  large-scale  optoelectronic  integration. 
However,  the  huge  benefits  that  would  result  from  the  achievement  of  efficient  light 
emission  from  silicon  have  continued  to  spur  investigators  to  investigate  novel 
methods  for  manipulating  the  band  structure  of  silicon.  Over  the  past  eight  years  or 
so,  this  area  of  study  has  been  developing  rapidly  following  the  discovery  of  light 
emitting  porous  silicon  by  Canham1.  The  field  now  encompasses  a  number  of  novel 
forms  of  silicon  that  exhibit  favourable  optical  properties.  In  addition  to  porous 
silicon1'3,  silicon-silica  multilayers4,5,  spark-processed  silicon6,7,  and  silicon 
nanoclusters8'10  have  all  received  varying  amounts  of  attention  in  recent  years,  and 
both  photo-  and  electroluminescence  have  been  demonstrated.  There  has  been,  and 
still  remains,  much  vigorous  debate  over  the  luminescence  mechanism  in  these 
materials11'13,  and  in  the  case  of  electroluminescence,  the  process  of  electron 
transport  remains  unclear14,15.  Broadly  speaking,  the  field  can  be  divided  into  two 
camps:  those  who  invoke  quantum  confinement  as  an  explanation  for  the  observed 
luminescence,  and  those  who  prefer  to  think  of  it  as  being  a  result  of  defects, 
chemical  species,  or  defect-mediated  transitions.  Much  of  the  difficulty  lies  in  the 
often  contradictory  nature  of  the  results  reported  in  the  literature.  Whatever  the 
explanation,  it  can  at  least  be  stated  that  this  is  a  complex  problem  and  the  jury  is  still 
out  on  the  fundamental  optical  physics  of  this  class  of  material.  This  is  undoubtedly 
an  area  of  extreme  technological  importance  and  clearly  there  remains  much  to  be 
investigated  in  the  way  of  fundamental  physical  processes  in  nanoscale  materials  for 
optoelectronics. 

Our  particular  interest  is  nanoclustered  silicon;  that  is,  aggregates  of  silicon  atoms  in 
the  size  range  20- 100 A.  Such  material  offers  confinement  in  all  three  dimensions 
and  exhibits  many  of  the  same  optical  properties  as  porous  silicon.  We  have 
observed  bright  visible  an  near-ir  light  emission  from  silicon  nanoclusters  in  a  silica 
matrix  (‘silicon-rich  silica’)  and  have  proposed  in  previous  studies  that  the  two 
distinct  luminescence  bands  present  are  the  result  of  two  separate  mechanisms: 
radiative  recombination  of  confined  excitons,  and  defect  luminescence  related  to 
oxygen  atom  vacancies  in  the  silica  matrix16,17.  The  former  is  indicated  by  the  very 
clear  red-shift  of  the  first  luminescence  band  on  annealing:  the  latter  is  suggested  by 
the  correlation  between  the  disappearance  of  the  second  luminescence  band  at  high 
annealing  temperatures  and  the  annealing  out  of  oxygen-vacancy  defects  as  shown 
by  FTIR  and  ESR  studies.  A  great  deal  of  the  uncertainty  surrounding  light  emission 
from  silicon  may  thus  be  due  to  differences  in  the  production  technique  favouring 
one  or  other  of  these  mechanisms.  We  have  also  demonstrated  electroluminescence 
from  simple  metal-oxide-semiconductor  (MOS)  structures  fabricated  using  thin  films 
of  this  material18. 

Of  equal  interest  is  material  consisting  of  nanoclustered  silicon  in  powder  form. 
Such  material  may  be  of  great  importance  as  a  nanophosphor  for  use  in  low-voltage 
field  emission  displays  or  may  be  embedded  in  a  dielectric  host  to  form 
electroluminescent  devices.  It  also  allows  the  study  of  silicon  nanoclusters  isolated 
from  a  surrounding  oxide  matrix.  We  have  demonstrated  production  of  this  material 
using  laser  pyrolysis  of  silane  and  have  obtained  bright  visible  luminescence  from 
silicon  nanopowders19,20. 
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II.  EXPERIMENTAL 


For  the  present  study  we  have  produced  two  classes  of  nanoclustered  material: 
silicon  nanoclusters  in  silica  deposited  by  plasma  enhanced  chemical  vapour 
deposition  (PECVD)  and  silicon  nanopowders  generated  by  C02  laser  pyrolysis  of 
silane. 

To  produce  silicon-rich  silica  thin  films,  a  number  of  films  were  deposited  on  lightly 
doped  p-type  <100>  CZ  silicon  wafers  in  a  capacitively-coupled  PECVD  deposition 
chamber.  The  sample  wafers  were  first  thoroughly  cleaned,  placed  in  the  reaction 
chamber  and  cleaned  again  with  an  argon  plasma  for  5  minutes.  Precursor  gases 
were  a  silane/argon  mix  (5%  silane  (SiH4)  in  argon)  and  nitrous  oxide  (N20)  as 
silicon  and  oxygen  sources  respectively.  The  nitrous  oxide  flow  rate  was  fixed  at 
10  seem  and  the  silane/argon  mixture  flow  rate  at  1 80  seem.  This  mixture  has  been 
shown  in  previous  studies16  to  give  good  quality  luminescent  silicon-rich  silica 
films.  A  13.56  MHz  RF  generator  was  used  to  dissociate  the  precursor  gases,  the 
power  being  varied  from  run  to  run  between  10  W  and  30  W.  Substrate 


temperature  was  set  at  200  °C. 

The  nanopowders  were  produced  by  introducing  a  mixture  of  silane  and  an  inert 
carrier  gas  (argon  or  helium)  into  a  high  vacuum  chamber  and  dissociating  the  silane 
using  10.6um  light  from  a  C02  laser.  Further  details  of  deposition  can  be  found 
elsewhere19,20 


Photoluminescence  spectra  were  measured  for  each  film  using  a  Coherent  argon-ion 
laser  as  the  excitation  source.  Spectra  were  dispersed  using  a  Bentham  M300 
monochromator  and  detection  was  via  a  Bentham  231  side  window  photomultiplier 
tube,  a  current  preamplifier  and  lock-in  amplifier.  Both  the  detection  electronics  and 
monochromator  were  computer  controlled;  care  was  taken  to  ensure  that  the  spectra 
were  as  accurate  and  repeatable  as  possible  by  calibrating  the  system  response  using 
a  white  light  source  of  known  spectral  distribution.  A  diffraction  grating  was  used  as 
a  premonochromator  to  filter  out  laser  plasma  lines  and  both  a  high-pass  dielectric 
filter  and  a  Schott  glass  filter  (OG495)  placed  immediately  following  the  collection 
optics  removed  any  unwanted  laser  scatter. 

One  of  the  powder  samples  (sample  E)  was  measured  as-deposited,  the  second 
(sample  G)  was  oxidised  in  the  reaction  chamber  prior  to  measurement.  In  the  case 
of  the  silicon-rich  silica  films,  the  samples  were  used  as-deposited,  i.e.  without 
further  post-process  annealing.  Both  classes  of  sample  exhibited  luminescence  when 
excited  using  the  476nm  line  of  an  argon-ion  laser,  though  the  lineshapes  showed  a 
strong  dependence  on  the  presence  of  the  oxide  layer  in  the  case  of  the 
nanopowders.  This  is  illustrated  in  figure  1  which  shows  photoluminescence  spectra 
of  as-deposited  and  oxidised  silicon  nanopowders  along  with  that  of  a  silicon-rich 
silica  film. 

Optical  absorption  spectra  were  taken  of  all  samples  using  a  tungsten-halogen  light 
source,  a  Bentham  M300  monochromator  and  either  a  silicon  photodiode  or  side- 
window  photomultiplier  tube  for  detection.  Figure  2  illustrates  absorption  spectra  for 
both  a  silicon-rich  silica  film  and  a  nanopowder  sample.  Clearly  apparent  is  a  strong 
fundamental  absorption  band  edge  in  the  visible  region.  The  large  shift  in  band  edge 
energy  from  the  bulk  silicon  value  of  1.1  eV  must  be  due  to  a  change  in  the  bandgap 
of  the  material  and  can  be  attributed  to  quantum  confinement  effects. 
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Carrier  lifetimes  were  measured  using  the  technique  of  photoinduced  free-carrier 
absorption  that  we  have  applied  in  previous  work  to  measure  carrier  lifetime 
distributions  in  silicon  wafers  and  devices21.  A  similar  technique  has  been  used  by 
other  groups  to  measure  carrier  lifetimes  in  bulk  silicon22  and  porous  silicon  .  The 
sample  is  illuminated  with  a  pulsed  light  source  having  a  photon  energy  greater  than 
the  band  gap  energy  of  the  material.  In  this  way,  photocarrier  pairs  are  excited  in  the 
bulk  of  the  sample,  down  to  a  depth  corresponding  to  the  penetration  depth  of  the 
light  used.  In  this  case,  the  source  used  was  the  514nm  line  of  an  argon  ion  laser, 
modulated  using  a  rotating  blade  optical  chopper.  At  the  same  time,  a  near-ir  source 
with  a  photon  energy  just  less  than  the  band  gap  energy  is  transmitted  through  the 
sample.  When  photogenerated  free  carriers  are  present  in  the  sample,  this  probe 
beam  is  attenuated  by  free-carrier  absorption.  Thus,  by  modulating  die  photocarrier 
population  and  monitoring  the  increase  in  probe  transmission  following  switch-off 
of  the  514nm  pump  source,  the  free-carrier  lifetime,  x,  can  be  obtained.  Care  was 
taken  to  characterise  the  response  time  of  the  experimental  apparatus  by  increasing 
the  speed  of  rotation  of  the  chopper  wheel  and  focusing  the  laser  onto  the  edge  of  the 
blade.  Using  this  mechanical  method  we  were  able  to  resolve  cut-off  times  down  to 
lOpsec.  This  is  the  practical  limit  set  on  this  measurement  by  the  speed  of  rotation  of 
the  chopper  blade  and  the  diameter  of  the  laser  spot  on  the  blade.  For  the 
experiments  described  here,  the  probe  source  was  a  diode  laser  operating  at  849nm, 
delivering  a  power  of  approximately  20mW  into  a  multimode  fibre.  Butting  the  fibre 
up  to  the  sample  allowed  the  experiment  to  probe  a  small  area.  The  samples  studied 
were  either  in  the  form  of  thin  (approximately  1pm)  films  of  silicon-rich  silica  on 
glass  or  nanocluster  powders  held  between  microscope  slides. 


Energy  (eV) 


Figure  1:  Photoluminescence  spectra  of  silicon-rich  silica  thin  film, 
as -deposited  silicon  nanopowder,  and  oxidised  silicon  nanopowder 
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Figure  2:  Absorption  spectra  of  nanopowder  sample  G  and  silicon- 
rich  silica  thin  film 


Figure  3:  Experimental  set-up  for  measurement  of  transient  free- 
carrier  absorption 
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Figure  4:  Transient  free-carrier  absorption  for  silicon-rich  silica  film. 
Also  shown  is  the  excitation  pulse,  demonstrating  that  the  measured 
decay  is  not  limited  by  the  system  response. 


AH  measurements  were  performed  at  room  temperature.  Figure  3  details  the 
experimental  set-up.  No  photoinduced  absorption  was  detectable  when  a  glass  slide 
was  substituted  for  the  silicon  nanocluster  samples,  confirming  that  the  effect  is  due 
to  photoinduced  free  carrier  absorption.  Measurements  were  also  taken  over  a  range 
of  excitation  powers  to  ensure  that  the  powers  used  were  not  sufficient  for  Auger 
recombination  to  dominate.  Over  the  range  of  powers  used  (l-40mW  at  the  sample), 
the  measured  lifetimes  were  constant. 


III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  photoluminescence  spectra  of  both  silicon  nanopowder  samples:  the 
strong  band  around  2-2.2eV  appears  only  in  the  case  of  the  oxidised  sample.  This  is 
the  band  we  have  previously  assigned  to  luminescent  oxygen-vacancy  defects  (non¬ 
bridging  oxygen  hole  centres).  Sample  E  (as-grown,  non-oxidised)  shows  only  a 
band  around  1.6eV  that  we  have  assigned  to  quantum  confinement  effects. 

Cluster  size  distributions  were  obtained  for  the  powder  samples  by  neutron 
diffraction  measurements.  There  were  two  strong  peaks  in  the  distribution  around 
3A  and  30A:  well  within  the  region  within  which  quantum  confinement  effects 
become  important  (i.e.  cluster  sizes  which  are  less  than  the  excitonic  Bohr  radius: 
49A  for  silicon24). 
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Figure  4  shows  the  time  evolution  of  free-carrier  absorption  for  a  silicon 
nanopowder  sample.  Also  shown  is  the  time  evolution  of  the  514nm  excitation 
pulse.  The  carrier  lifetime  is  given  by  the  rise  time  of  the  absorption  signal  following 
turn-off  of  the  excitation  pulse  (taken  as  the  1/e  point  of  the  rise).  Decay  curves  were 
fitted  with  an  exponential  function  and  the  1/e  times  extracted.  For  this  sample,  this 
is  7.9msec.  Lifetime  measurements  were  taken  for  a  number  of  film  and  powder 
samples:  the  results  are  detailed  in  table  I. 

The  carrier  lifetimes  detailed  in  table  I  are  very  long  compared  to  those  obtained  for 
bulk  silicon.  In  previous  work  using  the  same  technique,  carrier  lifetimes  in  lightly 
doped  silicon  wafers  were  in  the  region  of  100  to  SOOgsec:  those  measured  for  the 
silicon  nanoclusters  are  approximately  an  order  of  magnitude  greater  than  this.  In  the 
case  of  bulk  silicon,  carrier  recombination  largely  takes  place  via  surface  ‘traps’  or 
defect  states  in  the  bulk.  Thus,  carrier  lifetimes  in  bulk  silicon  are  heavily  dependent 
on  doping  level,  density  of  defect  states  and  surface  quality.  In  the  case  of  silicon 
nanoclusters,  there  is  a  very  high  surface-to-volume  ratio,  so  it  may  be  expected  that 
surface  recombination  would  dominate  and  hence  carrier  lifetimes  would  be 
correspondingly  short.  It  is  often  stated  that  the  presence  of  dangling  bonds  at  the 
surface  of  silicon  nanoclusters  serves  to  quench  luminescence  by  acting  as  non- 
radiative  recombination  centres25.  In  a  highly  localised  system  such  as  a  nanocluster, 
this  recombination  should  be  very  rapid,  and  hence  luminescence  yield  should  be 
low  and  carrier  lifetime  short.  However,  in  previous  studies  we  have  demonstrated 
an  increase  in  photoluminescence  following  removal  of  the  large  amount  of 
hydrogen  present  in  as-deposited  silicon-rich  silica  films16.  This  hydrogen  is 
removed  by  thermal  annealing  at  temperatures  in  excess  of  600°C.  Associated  with 
this  removal  is  an  increase  in  defect-related  luminescence  and  an  eventual 
compensation  of  these  defects  by  diffusion  of  interstitial  oxygen.  It  is  also 
noteworthy  that  the  carrier  lifetimes  measured  for  the  two  powder  samples  were  very 
similar.  Given  that  the  very  large  surface  area  of  the  silicon  nanopowders  would  be 
reasonably  expected  to  form  a  native  oxide  layer  extremely  readily,  it  would  be 
surprising  if  there  was  a  significant  population  of  dangling  bonds  present  in  these 
samples.  In  fact,  it  was  noticed  that  when  a  laser  beam  of  even  moderate  power  (in 
the  region  of  60-80mW  of  514nm  light)  is  focused  onto  any  of  the  nanopowder 
samples  in  air,  the  sample  very  readily  oxidises  to  form  a  porous  glass.  This 
oxidation  takes  place  very  exothermically  and  a  small  flame  is  visible. 


Sample  name 

Sample  type 

Carrier  lifetime  (msec) 

E 

Si  nanopowder 

7.9±0.5 

G 

Oxidised  Si  nanopowder 

5.710.4 

SS23 

Silicon-rich  silica  film 

6.9810.5 

Table  I:  Carrier  lifetimes  for  nanopowder  and  silicon-rich  silica 
samples 
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It  is  our  contention,  therefore,  that  for  the  case  of  the  silicon  nanoclusters  produced 
in  this  study,  the  cluster  surfaces  are  highly  passivated.  In  the  case  of  silicon-rich 
silica  films,  we  propose  that  hydrogen  mops  up  those  dangling  bonds  that  are  not 
taken  up  by  oxygen.  FTIR  spectra  demonstrate  the  presence  of  significant  amounts 
of  hydrogen  in  as-grown  films.  In  the  case  of  silicon  nanopowders,  the  rapid 
formation  of  a  native  oxide  layer  readily  compensates  those  dangling  bonds  not 
taken  up  by  hydrogen  from  the  silane  precursor.  Thus  there  are  very  few  non- 
radiative  carrier  recombination  centres.  In  addition,  the  clusters  are  of  high  purity 
(chemical  analysis  of  the  silicon-rich  silica  films  have  shown  very  little 
contamination  with  carbon,  some  nitrogen  and  very  little  else).  As  a  result,  carrier 
recombination  is  largely  thermally-assisted  and  therefore  slow.  Both  silicon-rich 
silica  films  and  silicon  nanopowders  are  produced  using  silane  as  a  precursor  gas, 
so  there  is  an  abundance  of  hydrogen  in  the  forming  reaction.  Incomplete 
dissociation  of  silane  will  lead  to  the  inclusion  of  large  amounts  of  hydrogen  into 
both  films  and  powders,  as  is  confirmed  by  FTIR  studies16.  We  must  stress  at  this 
point  that  we  are  not  suggesting  that  all  of  the  silicon  nanoclusters  have  completely 
passivated  surfaces  and  therefore  long  earner  lifetimes.  Our  results  merely  indicate 
that  there  are  sufficient  such  clusters  to  produce  a  strong  long-lifetime  component  in 
the  decay  times  observed.  It  is  probable  that  there  is  a  significant  proportion  of 
clusters  that  have  very  short  lifetimes  due  to  the  presence  of  non-radiative 
recombination  centres,  but  these  cannot  be  resolved  by  our  detection  technique. 
Another  possibility  is  that  the  carriers  produced  within  the  silicon  clusters  become 
trapped  in  defect  sites  within  the  silica  matrix.  This  is  known  to  happen  very  rapidly 
and  could  lead  to  the  observed  lifetimes  being  controlled  by  the  lifetime  of  the  charge 
traps  rather  than  that  of  carriers  within  the  silicon  clusters.  However,  we  discount 
this  possibility  as  a  result  of  the  observation  that  the  carrier  lifetimes  in  both  as- 
received  and  oxidised  nanopowder  samples  are  similar.  Inspection  of  the  PL  spectra 
of  these  two  samples  shows  a  lack  of  luminescence  from  defects  in  the  former  case. 


IV.  CONCLUSIONS 

We  have  measured  transient  free  carrier  absorption  in  silicon  nanoclusters.  We  have 
investigated  two  classes  of  clusters:  those  in  the  form  of  powders  and  those 
embedded  in  a  silica  matrix.  Both  sets  of  samples  exhibit  surprisingly  long  free 
carrier  lifetimes  which  we  assign  to  a  significant  population  of  nanoclusters  having  a 
high  degree  of  surface  passivation,  thereby  reducing  the  available  non-radiative  de¬ 
excitation  pathways  via  dangling  bonds.  We  do  not  believe  these  measurements  are 
significantly  influenced  by  charge  trapping  at  defect  sites  in  the  silica  matrix,  as 
similar  decay  times  are  observed  for  non-oxidised  powder  samples. 
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ABSTRACT 

A  RTCVD  reactor  has  been  used  to  grow  very  thin  Si  films  on  Si02  under  a 
wide  variety  of  conditions,  with  the  aim  of  obtaining  appropriate  process 
parameters  for  the  control  of  nuclei  uniformity  and  size  at  the  nanometer 
scale.  This  has  applications  as  an  alternative  to  traditional  lithographic 
methods  for  the  patterning  of  surfaces  at  the  nanometer  scale  length.  The  use 
of  a  RTCVD  reactor  comes  from  the  fact  that  the  fast  temperature  transitions 
allow  an  easy  control  of  the  growth.  Films  were  characterized  by  means  of 
spectroscopic  ellipsometry  (SE)  for  effective  thickness  and  structure 
determination,  whereas  an  estimation  of  grain  size  and  roughness  are  given  by 
TEM  and  AFM  measurements.  For  deposition  times  around  the  incubation 
time  a  precise  control  in  nuclei  size  and  uniformity  is  demonstrated. 


I.  INTRODUCTION 

The  Chemical  Vapor  Deposition  (CVD)  growth  of  Si  on  Si02  is  one  of  the 
most  largely  studied  processes  with  a  vast  variety  of  applications  in  the  semiconductor 
industry:  polycrystalline  films  are  used  for  the  fabrication  of  Thin  Film  Transistor 
(TFT)  [1],  Metal  Oxide  Semiconductor  (MOS)  gates  [2]  and  Electrical  Erasable 
Programable  Read  Only  Memories  (EEPROMs)  [3],  among  other  devices.  The  main 
requirements  for  each  of  them  may  vary,  what  has  led  to  a  good  knowledge  and 
improvement  of  this  process.  Thus,  large  grain  sizes  are  suitable  for  TFT  active  areas 
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[1]  and  smoothness  is  the  most  stringent  requirement  for  EEPROMs  and  MOS  gates 
[2,3]. 


Because  of  the  continuous  scaling  down  of  integration,  the  fabrication  of 
nanostructures  has  emerged  as  a  new  forefront  in  technology,  in  which  Si/Si02  can 
contribute  in  promising  applications  such  as  nanocrystal  memories  [4,5]  and  Si-based 
light  emission  devices  [6].  For  the  fabrication  of  such  structures  one  can  take 
advantage  of  the  important  technological  background  involved  in  the  applications 
mentioned  at  the  beginning  [1-3].  However,  this  represents  only  a  first  approach  to  get 
success  in  nanofabrication,  since  the  main  challenge  in  this  new  area  is  the  control  on 
the  nuclei  size  and  location  [7-10],  and  further  investigations  are  needed  to  this  end. 
This  can  have  potential  applications  in  the  fabrication  of  quantum  dot  based  devices, 
and  is  an  alternative  to  optical  based  lithography  which  has  a  limited  resolution  that 
does  not  fit  to  the  requirements  needed  for  the  development  of  nanostructures.  Other 
alternatives  to  the  fabrication  of  nanostructures  have  been  proposed:  among  them,  we 
can  cite  Selective  Epitaxial  Growth  (SEG)  [7,8],  as  well  as  those  based  in  self¬ 
organization  [9]  or  using  a  Scanning  Near  Microscopy  (SNM)  [10,1 1]. 

In  this  work,  the  optimal  process  conditions  to  obtain  Si  nuclei  grown  on  Si02 
with  size  control  are  reported.  However,  to  determine  such  conditions  it  has  been 
necessary  to  grow  thin  Si  films  on  Si02.  The  estimation  of  growth  rate,  surface 
roughness,  grain  size  and  incubation  time  on  these  films  has  provided  us  the  necessary 
conditions  to  success  in  the  formation  of  narioscale  Si  nuclei,  as  is  demonstrated  later 
in  this  work. 


II.  EXPERIMENTAL 

Films  have  been  grown  on  thermal  Si02  (lOOnm  thick)  under  various 
conditions,  using  SiH4  as  a  precursor  gas  in  a  Jipelec  Jet  Star  100  ST  RTCVD  reactor. 
Briefly,  our  RTCVD  system  consists  in  a  water  refrigerated  stainless  steel  chamber, 
into  which  silane,  hydrogen  and  nitrogen  can  flow  through  separated  gas  lines  with  its 
corresponding  mass  flow  controllers.  The  wafer  is  heated  by  twelve  oil  and  air  cooled 
tungsten  lamps  which  enable  the  pyrolisis  of  silane,  whereas  the  temperature  is 
controlled  by  a  feedback  circuitry  which  uses  a  pyrometer  to  sense  the  optical  radiation 
emitted  by  the  wafer. 

To  perform  nano-scaled  structures  with  application  in  quantum  devices,  the  use 
of  a  RTCVD  system  is  suitable  because  low  thermal  budget  has  to  be  much  more  in 
consideration  for  these  ultra  small  structures.  RTP-based  systems  with  fast  transitions 
in  temperature  (in  our  processes  up  to  50°C/s)  minimize  the  area  enclosed  for  the 
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temperature- vs-time  graph,  as  thermal  budget  is  defined  [12],  when  the  process  is 
starting  (ramp  up  in  temperature)  and  stopping  (cooling  down).  These  fast  transitions 
allow  the  formation  of  nanostructures  during  times  as  short  as  few  minutes  since  this 
yields  a  high  enough  deposition  to  transition  time  ratio  to  consider  that  no  growth 
occurs  during  ramp  up  in  temperature  and  cooling  down.  Thus,  the  shorter  the 
transitions  times  are,  the  shorter  the  deposition  time  that  can  be  used. 

Before  each  process,  the  wafers  are  cleaned  by  introducing  them  in  a 
H202/H2S04  (3:1)  bath  for  15  min.  followed  by  5  min.  rinse  in  de-ionized  water  and 
spin  dry.  Once  in  the  chamber,  and  before  the  initiation  of  the  growth,  the  samples  are 
subjected  to  an  ultimate  vacuum  of  10"6  mb  during  two  hours,  achieved  by  a 
turbomolecular  pump  (the  usual  process  pressures  are  ranged  between  0.2  and  1.5  mb). 
Films  were  characterized  by  SE  to  determine  film  structure  and  effective  thickness, 
plan-view  TEM  for  morphology  and  AFM  to  estimate  surface  roughness,  grain  size 
and  to  determine  the  dimensions  of  the  grown  Si  dots. 


III.  RESULTS  AND  DISCUSSION 

The  conditions  for  accurate  control  on  Si  nuclei  formation  must  be  given  in 
terms  of  temperature,  deposition  time  and  pressure.  We  analyze  the  effects  of  these 
parameters  on  GR,  incubation  time,  structure,  morphology  and  nuclei  size  in  this 
section  in  order  to  establish  the  best  process  conditions. 

According  to  the  argument  explained  in  section  II,  a  minimum  deposition  time 
is  always  desirable  for  low  thermal  budget.  However,  transition  times  of  several 
seconds,  to  start  and  stop  the  growths,  lead  us  to  consider  deposition  times  above  1 
min  to  avoid  significant  growth  and  undesirable  thermal  processes  during  transitions. 
Therefore,  to  form  structures  in  the  nanometer  scale  with  high  controlability  in  size,  a 
GR  of  units  of  nm/min  is  suitable  for  our  processes.  For  a  fixed  0.2  mb  of  pressure, 
from  a  series  of  samples  grown  at  various  temperatures,  the  GR  vs  temperature  is 
plotted  in  fig.l,  while  the  resulting  thickness  and  structure  are  reported  in  Table  I.  For 
temperatures  below  560°C,  the  GR  is  corrected  according  to  the  incubation  time, 
which  has  been  inferred  from  fig.2,  whereas  for  temperatures  above  560°C  the 
evaluation  of  the  incubation  time  has  been  disregarded  because  it  decreases 
exponentially  with  an  increase  in  temperature  [13]  and  the  samples  are  thick  enough. 
Thus,  we  find  that  the  GR  values  for  540°C  (5.3  nm/min)  and  520°C  (3.7  nm/min)  are 
within  the  desired  range  whereas  those  obtained  at  high  temperatures  have  a  deposition 
time  too  short  for  nanometer  dimensional  structures.  The  delay  for  the  initial  growth 
due  to  the  incubation  times  at  520°C  (2.7  min.)  and  540°C  (1.55  min.)  does  not 
represent  an  important  increase  to  the  total  process  time.  Therefore,  temperatures 
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around  530°C  give  an  appropriate  GR  and  incubation  time  to  grow  nanostructures  with 
accuracy. 

Temperatures  below  560°C  tend  to  produce  a-Si,  as  is  shown  in  fig.  3  from  SE 
measurements.  Since  a  crystalline  structure  is  required  for  most  nanostructure 
applications,  a  thermal  annealing  can  be  used  after  processing  to  achieve  nanocrystals. 
This  avoids  the  use  of  higher  temperatures,  whose  corresponding  GR  would  lead  us  to 
an  extremely  short  deposition  time  for  our  purposes,  resulting  in  a  coarse  control,  as 
has  been  explained  earlier.  A  first  attempt  to  corroborate  our  control  predictions  is 
shown  in  the  sample  of  fig.4,  in  which  some  nuclei  have  started  to  coalesce,  with  a 
height  of  15  nm  and  a  diameter  of  30  nm.  Thus,  for  temperature  of  540°C,  this 
experiment  guarantees  the  formation  of  nuclei  without  coalescence  and  with  precise 
control  on  size  by  considering  times  below  that  used  in  figure  4  (around  the  incubation 
time,  1.55  min). 

We  are  also  interested  in  the  effect  of  pressure  variation  on  sample  structure 
and  morphology.  Increasing  pressure  from  0.2  mb  to  1.5  mb  in  samples  grown  at 
540°C,  does  not  affect  the  structure,  which  is  amorphous  in  all  cases,  in  accordance  to 
other  results  obtained  under  similar  process  conditions  [14].  To  reliably  estimate  the 
RMS  surface  roughness  for  these  series  of  samples,  which  is  shown  in  conjunction 
with  their  thickness  in  fig.5,  the  data  acquired  by  the  AFM  system  are  post-processed. 
This  allows  us  to  overcome  non  idealities  occurred  during  measurements  (usually  non 
linear  scan,  thermal  drifts  and  slight  support  inclination).  The  final  roughness  of  a 
surface  is  strongly  dependent  on  grain  size  during  its  initial  growth,  a  fact  that  has 
been  related  to  the  density  of  primary  nuclei  [8,13].  This  is  corroborated  from 
comparative  AFM  observations  shown  in  fig. 6  for  samples  grown  at  the  lowest 
(0.2mb)  and  highest  (1.5  mb)  pressure  with  a  similar  thickness,  where  a  decrease  in  the 
grain  size  is  obtained  at  the  highest  pressure  following  the  same  tendency  as  roughness 
in  fig. 5.  This  is  argued  because  a  pressure  increase  leads  to  an  enhancement  of  small 
size  nuclei  density,  which  eases  the  formation  of  smooth  surfaces.  This  suggests  that 
for  the  conditions  in  which  the  smoothest  surface  results,  at  1.5  mb,  smaller  grains  for 
initial  growth  result.  From  the  images  shown  in  fig.6  and  fig.4,  high  uniformity  in 
grain  size  is  observed.  This  is  of  paramount  importance  for  process  reproducibility  and 
future  nanostructure-based  applications  as  quantum  devices  [4-6].  In  contrast,  in  the 
sample  shown  in  fig.7,  which  has  been  grown  while  adding  H2  to  the  process,  a  non 
uniform  grain  size  results.  Therefore,  we  can  conclude  that  the  use  of  SiH4  diluted  in 
H2  has  negative  effects  to  the  formation  of  Si  quantum  dots  with  regular  size, 
something  which  is  required  in  most  Si  dot  based  applications. 

According  to  the  previous  results  obtained  on  the  basis  of  very  thin  silicon 
films  grown  on  Si02,  it  follows  that  to  form  Si  nuclei  with  uniform  size,  process 


Electrochemical  Society  Proceedings  Volume  98-19 


30 


temperatures  of  about  520-540°C  with  deposition  times  around  the  incubation  time  are 
suitable.  The  process  pressure  is  unimportant  from  the  point  of  view  of  nuclei 
uniformity.  We  have  carried  out  depositions  under  these  conditions  with  the  aim  to 
obtain  nanoscale  Si  nuclei  on  Si02.  The  results  are  shown  in  figure  8,  where  two 
process  times  (above  and  below  the  incubation  time)  have  been  considered  for 
temperatures  of  520°C  and  540°C.  In  view  of  the  figures,  the  size  of  the  nuclei  is  quite 
uniform  in  all  cases.  For  the  higher  temperature,  a  more  dense  distribution  of  nuclei  is 
observed,  regardless  of  the  process  time  considered.  On  the  other  hand,  if  we  compare 
samples  grown  at  the  same  temperature  and  different  time,  no  significant  differences 
regarding  nuclei  density  are  observed.  This  means  that  the  times  considered  in  these 
experiments  are  close  to  those  for  density  saturation.  Times  well  below  the  incubation 
time  are  therefore  necessary  in  order  to  have  control  on  nuclei  density.  It  is  interesting 
to  compare  the  AFM  images  corresponding  to  the  samples  with  nuclei  grown  during  2 
min  and  different  temperatures.  Even  though  both  temperatures  are  very  close,  the 
nuclei  size  as  well  as  the  mean  separation  of  nuclei  is  rather  different  (at  540°C  nuclei 
almost  coalesce),  which  reveals  the  high  sensitivity  of  nuclei  formation  with 
temperature. 

Finally,  in  figure  9  we  depict  two  3D  AFM  images  corresponding  to  the 
samples  of  figures  8(a)  and  8(c)  to  show  how  the  height  of  the  nuclei  is  also  quite 
uniform.  The  image  ranges  have  been  reduced  to  the  nanometer  scale  to  appreciate 
more  clearly  the  size  of  the  nuclei.  The  heights  of  these  are  between  3.5nm  and  4nm 
for  the  lower  temperature  and  between  5.2nm  and  6.1nm  for  the  highest  temperature, 
while  the  diameters  are  of  the  order  of  25nm  and  35nm  in  each  case  (these  diameters 
are  probably  overestimated  due  to  the  limited  lateral  resolution  of  the  AFM  system,  so 
that  TEM  images  are  currently  being  obtained  to  determine  the  lateral  dimensions  of 
the  nuclei  with  more  precision).  These  results  are  promising  since  the  dimensions  of 
the  obtained  nuclei  are  convenient  to  the  fabrication  of  devices  based  on  Si  nanodots, 
and  reveal  that  our  UHV-RTCVD  system  is  suitable  for  the  fabrication  of  nanoscale 
quantum  devices. 


IV.  CONCLUSIONS 

This  work  has  been  focused  to  obtain  the  optimal  conditions  for  the  fabrication 
of  Si  nanostructures  on  Si02  by  means  of  a  UHV-RTCVD  system.  Under  these 
conditions,  structures  of  nanometer  dimensions  have  been  grown  during  times  around 
the  incubation  time  with  high  uniformity  in  size  if  pure  SiH4  is  used  during  process. 
Temperatures  in  the  reaction-limited  growth  regime  and  pressure  of  0.2  mb  have  been 
established  to  obtain  a  GR  of  few  nm/min  which  gives  a  convenient  time  scale  for  the 
formation  of  nanometer  Si  structures.  A  variety  of  pressures  have  been  considered  to 
study  its  effect  in  the  morphology  resulting,  from  comparative  AFM  measurements,  a 
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decrease  in  the  roughness  and  grain  size  for  an  increase  in  the  pressure.  The  dilution  of 
silane  in  hydrogen  has  a  negative  effect  on  nuclei  features,  since  cluster  size 
uniformity  is  lost.  This  is  undesirable  for  applications  requiring  a  regular  size 
distribution  of  islands  (quantum  dots).  The  main  conclusion  of  the  work  is  that  with 
appropriate  process  conditions,  a  RTCVD  reactor  can  be  used  to  the  fabrication  of 
quantum  devices  based  on  the  formation  of  Si  nanoscale  dots  on  Si02.  We  have  found 
process  conditions  suitable  to  obtain  accurate  control  on  nuclei  properties.  Work  is  in 
progress  to  control  also  the  position  of  the  islands. 
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Temperature  (°C) 

Structure 

Deposition 
Time  (min) 

Thickness 

(nm) 

Inc.  Time 
(min) 

520 

a-Si 

30 

90 

2.71 

540 

a-Si 

60 

310 

1.55 

560 

a-Si 

35 

325 

- 

580 

p-Si 

13.5 

166 

- 

600 

p-Si 

13.8 

229 

- 

Table  I:  Structure,  thickness  and  GR  for  samples  grown  at  several  temperatures.  The 
incubation  time  for  the  lowest  temperatures  is  also  reported.  Samples  were  grown  with 
50  seem  of  undiluted  SiH4  at  0.2mb. 


Figure  1.  Arrhenius  plot  for  films  grown  at  0.2mb  and  50sccm  of  undiluted  SiH4.  The 
data  for  the  lowest  temperatures  is  corrected  by  the  corresponding  incubation  time. 
Two  different  regions  are  shown  with  its  corresponding  linear  fit. 
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Figure  2.  Effective  thickness-vs-time  (0.2  mb)  for  T=520°  and  T=540°.  The  incubation 
time  measured  at  the  intersection  with  X  axes  is  2.71  min.  and  1.55  min.  respectively 
for  each  temperature.  The  GR,  extracted  from  the  slope  of  the  graphs,  is  3.5  nm/min 
and  5.3  nm/min  respectively. 


Figure  3.  Real  (n)  and  imaginary  (k)  part  of  refractive  index  for  samples  grown  at 
several  deposition  temperatures  together  with  spectrum  of  c-Si  (from  Ref.  15).  Spectra 
for  temperatures  below  580°C  show  the  broad  structure  spectrum  of  a-Si,  whereas  for 
580°C  and  600°C  the  spectra  start  to  show  the  electronic  transitions  characteristic  of  c- 
Si. 
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Figure  4.  Plan- view  TEM  of  a  film  grown  during  190s  at  0.2mb  and  540°C. 


Figure  5.  RMS  surface  roughness  variation  with  pressure  for  samples  grown  at  540°C. 
The  corresponding  thickness  is  shown  for  comparison. 
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a)  b) 

Figure  6.  Top  view  AFM  images  of  two  samples  grown  with  undiluted  SiH4  at  540°C 
and  a)  at  0.2  mb  and  b)  at  1 .5  mb.  The  range  of  the  images  is  1.5p  x  1 .5jx. 


Figure  7.  Top  view  AFM  image  of  a  sample  grown  with  a  0.2mb  of  SiH4  and  0.8mb 
of  H2.  The  image  range  is  1.5fi  x  1.5p. 
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Figure  8:  Top  view  AFM  images  showing  Si  islands  obtained  at  different 
temperatures  and  times:  a)  T  =  520aC,  t  =  2  min,  b)  T  ~  520°C,  t  =  3  min,  c)  T  — 
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540°C,  t  =  1 .50  min,  d)  T  =  540°C,  t  =  2  min.  The  process  pressure  is  0.2mb  in  all 
cases. 


a)  b) 


Figure  9:  AFM  images  corresponding  to  the  samples  of  figures  8a)  and  8  c).  The 
smaller  range  considered  allows  to  appreciate  better  the  uniformity  of  the  grown  Si 
dots. 
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ABSTRACT 

The  photoluminescence  (PL)  properties  of  Si  nanocrystallites  prepared 
using  an  inert-gas-ambient  pulsed  laser  ablation  technique  was 
characterized.  We  performed  subsequent  thermal  processing  to  the  Si 
nanocrysallites  in  N2or  02gas.  Although  the  PL  intensity  of  as-deposited 
Si  nanocrystallites  was  very  weak  at  room  temperature,  it  increased  with 
annealing  in  N2or  02  gas.  The  PL  intensity  of  the  nanocrystallites  annealed 
in  02  gas  was  the  largest  at  room  temperature.  The  strong  PL  intensity  of 
02  annealed  sample  corresponded  to  long  PL  lifetime.  The  nonradiative 
recombination  process  which  reduces  PL  intensity  is  discussed  in  terms  of 
the  temperature  dependence  of  the  PL  intensity  and  lifetime.  Our  results 
suggest  that  annealing  of  Si  nanocrystallites  in  02  gas  reduces  the 
nonradiative  recombination  of  electron-hole  pairs. 

INTRODUCTION 

Over  the  past  several  years,  observation  of  visible  photoluminescense  (PL) 
spectra  at  room  temperature  have  led  to  extensive  studies  on  nanometer-sized  silicon 
structures. 1-3 }  The  strong  PL  from  Si  materials  is  important  to  investigate  physics  of 
nanometer  sized  materials  and  to  realize  Si  based  optelectronic  devices.  The  nanometer- 
sized  silicon  structures  had  been  prepared  using  numerous  methods.  The  most  of  the 
researches  are  focused  on  porous  Si  since  the  fabrication  of  the  specimen  is  convenient. 
For  the  present  study,  the  laser  ablation  technique  combined  with  constant-pressure 
gas  evaporation  has  been  adopted  to  prepare  size-controlled  spherical  Si 
nanocrystallites.4  J  It  is  well  known  that  the  PL  intensity  of  porous  Si  increases  with 
thermal  oxidation.5’  This  suggests  that  properties  of  nanoscaled  Si  materials  are 
sensitive  to  thepost-deposition  processing.  This  correlation  between  the  post-deposition 
processing  and  PL  characteristics  is  a  key  to  understanding  the  large  PL  quantum 
efficiency  in  Si  nanocrystallites  at  room  temperature.  Many  reports  pointed  out  that 
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the  origin  of  the  efficient  PL  of  nanocrystallites  is  the  increase  in  the  oscillator 
strength  due  to  confinement  of  electron-hole  pair.  The  nonradiative  recombination 
processes  are  discussed  in  few  reports.6’  Since  the  PL  intensity  is  the  result  of 
competitions  between  radiative  and  nonradiative  recombination  processes,  we 
measured  temperature  dependence  of  PL  intensity  and  lifetime  and  discussed  PL 
properties  by  means  of  radiative  and  nonradiative  processes. 

EXPERIMENT 

In  the  present  study,  Si  nanocrystallites  were  prepared  using  a  pulsed  laser 
ablation  method.4'7’  During  the  growth  process,  helium  gas  was  introduced  into  a 
vacuum  chamber  and  a  pressure  of  333  Pa  was  maintained.  An  ArF  excimer  laser 
was  focused  on  the  surface  of  a  single-crystal  Si  wafer,  and  the  resulting  Si 
nanocrystallites  were  deposited  on  single-crystal  Si  substrates.  The  mean  diameter 
of  the  as-deposited  nanocrystallites  was  determined  by  high  resolution  scanning  electron 
microscope  (HRSEM)  to  be  13  nm.  One  sample  was  then  annealed  in  Nj  gas  and 
another  was  annealed  in  02  gas.  Annealing  was  performed  at  a  temperature  of  800 
°C  for  10  min.  In  this  paper,  we  refer  to  these  as  the  "N2-annealed"  and  "02-annealed" 
samples.  Additional  samples  were  annealed  in  02  gas  at  a  temperature  that  was 
varied  from  700  to  900  °C.  Since  all  samples  were  left  in  air  at  room  temperature  for 
about  2  years,  native  oxide  layer  was  observed  on  all  kind  of  samples.  The  temperature 
dependence  of  PL  spectra  was  measured  in  a  cryostat  kept  at  a  pressure  of  10'2  Pa. 
An  Ar  ion  laser  with  a  wavelength  of  488  nm  and  a  power  of  30  mW  was  used  as  an 
excitation  light  source.  A  25  cm  monochromator  with  a  photomultiplier  was  used  as 
a  detection  system.  The  signal  from  the  photomultiplier  was  amplified  by  Lock-in 
method.  Frequencies  of  optical  chopper  of  Ar  ion  laser  beam  for  the  Lock-in  detection 
were  15, 150  and  3  kHz. 


RESULTS 

Figure  1  shows  the  PL  spectra  for  the  as-deposited,  N2-  and  02-annealed 
samples.  The  temperature  and  the  frequency  of  the  optical  chopper  during  the 
measurements  were  12  K  and  15  Hz,  respectively.  The  intensity  ratios  for  the  three 
samples  are  not  exact  due  to  an  optical  alinement  but  are  accurate  within  a  few 
factor.  The  intensity  of  the  as-deposited  sample  was  smallest  among  the  results  for 
the  three  samples.  The  broken  line  in  this  figure  indicates  the  results  for  02-annealed 
sample  at  room  temperature.  The  PL  spectra  of  as-deposited  and  N2-annealed  samples 
were  not  shown  since  they  are  very  weak.  All  samples  had  two  peaks  around  the 
green  (~2.1  eV)  and  red  (1.2-1. 6  eV)  regions  as  shown  in  Fig.  1.  Although  the  peak 
energies  in  the  green  PL  spectra  did  not  depend  on  post-deposition  processing,  those 
in  the  red  PL  spectra  were  sensitive  to  this.  The  PL  peak  energies  for  as-deposited, 
N2-  and  02-annealed  samples  were  about  1.3  eV,  1.4  eV  and  1.6  eV,  respectively. 

The  temperature  dependence  of  the  PL  intensity  for  the  red  band  of  the 
02-aiinealed  sample  under  the  chopping  frequency  of  15  Hz  is  shown  in  Fig.  2.  We 
can  observe  two  regions  in  this  figure:  a  plateau  in  a  region  of  low  temperature,  and  a 
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w  10^  f - 1 - 1 - 1 - 1  I  1 


Photon  Energy  (eV) 


PL  spectra  of  as-deposited,  I^-  and  02-annealed  samples  at  12K.  The  broken  line  is 
a  result  for  the  02-annealed  sample  at  room  temperature.  The  PL  spectra  of  the 
as-deposited  and  N2 -annealed  samples  measured  at  room  temperature  had  very  small 
amplitude. 


Temperature  dependence  of  the  red  and  green  band  PL  intensity  for  the  02-annealed 
sample.  The  solid  lines  are  the  results  of  curve  fitting,  (see  eq.[3]) 


decrease  in  the  intensity  in  a  region  of  high  temperature.  Every  sample  that  we 
prepared  had  a  kink  point  which  corresponded  to  the  transition  temperature  between 
the  low  and  high  temperature  regions.  A  simple  model  of  the  temperature  dependence 
of  the  PL  intensity  is  obtained  by  assuming  a  temperature-independent  radiative 
recombination  probability,  Pr,  and  a  thermal-activation  nonradiative  recombination 
probability,  Pw.8)  This  PL  intensity  is  described  as 
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iiOOocp^^CD). 


[1] 


Here,  Pr  is  the  radiative  transition  probability  and  Pff(T)  is  the  nonradiative  transition 
probability.  ?a  is  written  as 

P nr(D=P nOeXp(-E*/kT)  .  [2] 

Here,  P^  is  a  constant  pre-exponential  factorand  E*  is  the  activation  energy.  Therefore, 
the  temperature  dependence  of  the  PL  intensity  is  written  as 

l/(l+(Pni0/PI)exp(-E*/kT))  .  [3] 

The  kink  point  of  temperature  dependence  in  Fig.  2  is  a  function  of  P^q/P,  and  E*.  A 
small  value  of  P^q/P,  or  large  value  of  E*  corresponds  to  a  large  value  of  kink 
temperature. 

The  Pjjq/Pj  and  E*  values  in  eq.[3]  can  be  obtained  by  curve  fitting.  The 
obtained  Pnt0/Pr  values  were  on  the  order  of  10-100  and  E*  values  were  on  the  order 
of  0.01-0.1  eV  for  the  02-  and  N2 -annealed  samples.  The  solid  lines  in  Fig.  2  are  the 
results  of  curve  fitting.  Here  we  define  a  characteristic  temperature,  to  express 
the  kink  temperature.  This  is  the  temperature  at  which  the  PL  intensity  reduces  to 
half  its  value  at  the  low  temperature  plateau.  The  radiative  recombination  probability, 
Pr,  and  the  nonradiative  recombination  probability,  Pw,  are  equal  at  this  temperature 
as  derived  from  eq.  [3] . 

The  Tk  values  obtained  through  our  experiments  are  shown  in  Table  I.  The  TK 
values  for  the  red  PL  of  the  as-deposited,  N2-  and  02-annealed  samples  are  90,  160 
and  270  K,  respectively.  The  PL  intensity  of  the  02-annealed  sample  was  the  largest 
and  that  of  the  as-deposited  sample  was  the  smallest  at  room  temperature.  The  results 
of  annealing  temperature  dependence  are  shown  in  Table  II.  The  peak  energy  and  TK 
value  of  the  red  PL  of  the  sample  annealed  at  700°C  were  smaller  than  those  for  the 
sample  annealed  at  800° C,  and  similar  to  those  for  the  N2-annealed  sample. 


Table  I 

PL  peak  energy  and  TKfor  the  as-deposited,  N2-  and  02-annealed  samples,  for  an 
annealing  temperature  of  800°C. 


Process  Gas 

Annealing  Temp.(°C) 

PL  Peak  Energy(eV) 

Tk(K) 

(as -deposited) 

_ 

1.3 

90 

2.2 

190 

N2 

800 

1.4 

160 

2.1 

200 

02 

800 

1.7 

270 

2.2 

210 

Electrochemical  Society  Proceedings  Volume  98-19 


43 


Table  II 

PL  peak  energy  and  TKfor  samples  annealed  in  Oz  gas  at  700, 800  and  900° C. 


Process  Gas 

Annealing  Temp.(BC) 

PL  Peak  Energy(eV) 

Tk(K) 

02 

700 

1.3 

150 

_ 22 _ 

_ 230  . 

02 

800 

1.7 

270 

_ 22 _ 

200 _ 

02 

900 

- 

2.2 

170 

Chopper  frequency  dependence  of  PL  intensity  for  red  band  of  02-anneaIed  nc-Si. 
The  circles  and  triangles  are  for  150  Hz  and  3  kHz,  respectively.  The  solid  and  open 
symbols  are  for  the  red  band  and  green  band,  respectively. 


Since  we  employed  Lock-in  detection,  the  chopper  frequency  dependence  of 
PL  intensity  and  the  phase  delay  of  PL  signal  to  the  reference  signal  give  us  information 
on  the  PL  lifetime.  The  correlation  between  phase  delay,  <j>,  and  lifetime,  %  is 
expressed  as 


0)cTpL  =  tan  • 


[4] 
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Here,  coc  is  the  chopping  frequency,  x^  is  the  PL  lifetime  and  4>  is  the  phase  delay. 
Temperature  dependences  of  PL  intensities  of  02-annealed  sample  when  the  chopper 
frequencies  are  150  Hz  and  3  kHz  are  shown  in  Fig.3.  The  PL  intensity  of  the  red 
band  drastically  decreased  at  the  chopping  frequency  of  3  kHz.  On  the  other  hand, 
green  PL  intensity  did  not  change.  PL  intensity  of  as  deposited  and  N2-  annealed 
samples  also  did  not  change  under  the  frequency  of  3  kHz.  These  results  indicate  that 
red  PL  lifetime  of  02-annealed  sample  is  about  0.3  ms  and  that  of  as-deposited  and 
^ -annealed  sample  was  much  less  than  0.3  ms.  The  phase  delay  of  the  red  PL  of 
02-annealed  sample  is  shown  in  Fig.4(a).  The  phase  delay  of  as-deposited  and  N2- 
annealed  sample  was  under  detection  limit  in  our  system.  This  indicates  faster  lifetime 
in  as-deposited  and  N2-annealed  samples.  The  estimated  lifetime,  t^,  of  02-annealed 
sample  estimated  by  eq.  [4]  is  shown  in  Fig.  4(b).  The  value  of  x^  was  about  0.3  ms 
at  low  temperature  and  was  about  0.03  ms  at  room  temperature.  The  temperature 
dependence  of x^  is  expressed  as 

VcrH-v'+vciy1 


=  P,  +  P„(T) 


[5] 


Fig.4. 

(a)  Chopper  frequency  dependence  of  PL  phase  for  the  red  band  of  the  02-annealed 
sample,  (b)  Lifetime  for  red  PL  of  02-annealed  sample  estimated  from  the  data 
chopped  at  150  Hz  shown  in  Fig.4(a). 
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Here,  xt  and  ra  are  the  radiative  and  nonradiative  lifetime,  respectively.  The  increase 
in  P^CF)  with  increasing  temperature  corresponds  to  the  decrease  in  t](T)  and  x},L(T) 
as  shown  in  Fig.  2  and  4(b). 


DISCUSSION 

The  large  PL  intensity  of  the  02-annealed  sample  at  room  temperature  is  the 
result  of  the  large  TK  value.  The  large  TK  value  corresponds  to  a  small  P^o/P,  value  or 
a  large  E*  value.  This  suggests  three  possible  conditions  for  large  PL  intensity  at 
room  temperature:  small  P^,  large  Pr  and  large  E*.  Here  we  compare  the  temperature 
dependence  of  the  PL  intensity  with  that  of  hydrogenated  amorphous  Si  (a-Si:H)  film 
to  investigate  the  origin  of  the  large  TK  value  in  the  02-annealed  sample.  Although 
a-Si:H  film  is  well  known  as  a  bulk-photoluminescent  Si  material,  the  PL  intensity  at 
room  temperature  is  much  smaller  than  that  of  02-annealed  Si  nanocrystallites.  The 
E*  and  P values  for  a-Si:H  are  about  10 1  eV  and  106,  respectively.9'  These 
results  indicate  that  the  large  value  of  the  quantum  efficiency  of  the  Si  nanocrystallites 
at  room  temperature  is  mainly  due  to  the  small  value  of  P^/P r  because  the  difference 
in  the  values  of  E*  between  a-Si:H  and  Si  nanocrystallites  is  not  so  large.  There  are 
two  possibilities  for  the  small  value  of  P^q/P,;  small  P^  or  large  Pr .  The  Pr  value  in 
nanocrystallites  should  not  be  so  much  larger  than  that  in  a-Si:H  because  the  PL 
lifetime  of  a-Si:H,  which  is  on  the  order  of  ps~ms10),  is  close  to  that  of  our  02-annealed 

sample.  If  the  origin  of  large  PL  is  the  increase  in  Pr  value  due  to  confinement,  % 
value  in  the  sample  which  shows  strong  PL  should  decrease  with  increasing  PL 
intensity.  This  is  not  consistent  with  our  results.  Therefore,  it  can  be  concluded  that 
the  large  TK  value,  i.e.  the  small  P^/P,  value,  in  02-annealed  Si  nanocrystallites  is 
due  to  the  small  P*o  value. 

The  effects  of  thermal  processing  of  Si  nanocrystallites  shown  in  Table  II  can 
be  also  discussed  in  the  view  point  of  nonradiative  recombination  process.  The 
lifetime  of  as-deposited  and  N2-anneald  samples  was  much  faster  than  that  of  02- 
annealed  sample.  If  the  origin  of  the  increase  in  the  TK  value  of  02-annealed  sample 
is  the  increase  in  Pr  value,  lifetime  of  the  sample  should  be  smaller.  This  indicates 
that  the  difference  of  the  TK  value  between  the  02-annealed  and  other,  as-deposited 
and  N2-annealed,  samples  is  due  to  the  nonradiative  recombination  probability,  P^. 
These  results  suggest  that  the  origin  of  the  large  PL  intensity  in  the  02-anncaled 
sample  is  decrease  in  the  nonradiative  recombination  probability  rather  than  the 
increase  in  the  radiative  recombination  probability. 

We  could  find  some  similarity  between  the  as-deposited  Si  nanocrystallites 
and  a-Si:H  film.  The  TK  value  and  PL  peak  energy  of  a-Si:H  were  110  K  and  1.3  eV, 
respectively.9’  These  values  are  close  to  that  of  as-deposited  Si  nanocrystallites.  This 
suggests  a  possibility  that  the  as-deposited  sample  includes  considerable  number  of 
amorphous-like  Si  nanoparticles.  The  increase  in  the  TK  value  after  annealing  in  N2 
gas  may  be  attributed  to  the  recrystallization  of  the  nanoparticles  because  oxidation 
does  not  take  place  during  this  annealing  process.  The  difference  in  the  PL  properties 
of  the  N2-  and  02-annealed  samples  indicates  the  importance  of  the  surface  reaction 
with  oxygen.  Because  the  TK  value  corresponds  to  the  P^  value,  the  02-annealing 


Electrochemical  Society  Proceedings  Volume  98-19 


46 


processing  decreases  the  value.  This  indicates  that  the  origin  of  the  large  PL 
intensity  for  the  02-annealed  sample  is  the  reduction  of  the  nonradiative  recombination 
probability. 

To  clarify  the  effect  of  the  oxidation,  we  measured  the  strength  of  Si-0  IR 
absorption.  No  remarkable  difference  in  the  peak  intensity  for  the  as-deposited,  N2- 
and  02-annealed  samples  was  observed.  This  indicates  that  the  surface  of  the  as- 
deposited  sample  was  already  covered  by  a  native  oxide  layer,  and  that  the  increase 
in  the  oxide  thickness  due  to  annealing  in  02  gas  was  smaller  than  the  thickness  of 
this  original  native  oxide  layer.  This  suggests  that  the  PL  intensity  is  not  strongly 
dependent  on  the  thickness  of  the  oxide  layer,  but  that  it  is  very  dependent  on  the 
quality  of  Si/Si02  interface.  Thus,  the  origin  of  the  large  TK,  that  is  small  P^,  value 
is  the  existence  of  a  high  quality  Si/Si02  interface.  This  high  quality  interface  results 
in  small  interface  defect  density.  Furthermore,  abrupt  potential  difference  at  the 
interface  induce  strong  confinement  of  electron-hole  pair.  These  effects  should  reduce 
nonradiative  recombination  channel  in  02-annealed  sample. 

As  shown  in  Table  n,  the  peak  energy  and  the  TK  value  of  the  red  PL  of  the 
sample  annealed  at  700°C  were  smaller  than  those  for  the  sample  annealed  at  800° C, 
and  similar  to  those  for  the  N2-annealed  sample.  This  indicates  that  an  annealing 
process  similar  to  that  for  the  N2-annealed  sample  occurred,  but  that  the  oxidation 
process  was  incomplete  at  this  temperature.  When  the  annealing  temperature  was 
raised  to  900°C,  the  red  PL  was  hardly  observed.  This  result  is  similar  to  that  for 
porous  Si.5 1  Observation  of  a  reduction  in  the  number  of  nanocrystallites  after  annealing 
at  temperatures  above  800°C  has  been  reported.5  ’  The  emission  results  for  the  green 
band  were  much  different  from  those  for  the  red  band.  The  changes  in  the  values  of 
Tk  and  the  PL  peak  energies  were  smaller  than  those  for  the  red  PL  spectra  as  shown 
in  Tables  I  and  II.  The  PL  lifetime  of  the  green  PL  estimated  by  the  phase  delay  in 
the  02-annealed  sample  is  much  faster  than  that  of  red  band  as  shown  in  Fig.3.  Hie 
origin  of  the  green  band  emissions  is  more  complicated  than  that  for  the  red  band. 
The  intensity  of  the  red  PL  in  air  was  comparable  with  that  in  a  vacuum.  On  (he  other 
hand,  the  intensity  of  the  green  PL  decreased  with  irradiation  of  excitation  light  to 
about  1/10  of  its  initial  state  in  air,  then  recovered  with  subsequent  vacuum  evacuation. 7 1 
The  existence  of  an  ambient  dependence  of  the  PL  intensity  suggests  that  the  origin 
of  the  green  band  correlates  to  processes  occurring  in  the  surface  region. 

CONCLUSIONS 

We  measured  the  temperature  dependence  of  the  PL  spectra  of  Si 
nanocrystallites  prepared  by  the  inert-gas-ambient  pulsed  laser  ablation  technique. 
The  temperature  dependence  of  peak  energy  and  intensity  of  the  red  PL  was  found  to 
be  dependent  on  the  post  deposition  processing.  We  observed  strong  PL  at  room 
temperature  when  the  sample  had  been  annealed  in  02  gas  at  800  °C.  The  temperature 
dependence  of  PL  intensity  was  smallest  and  that  of  PL  lifetime  was  largest  in  the 
02-anneald  sample  among  the  specimens  we  prepared.  These  results  suggest  that  the 
origin  of  the  large  PL  intensity  in  the  02-annealed  sample  is  decrease  in  the  nonradiative 
recombination  probability  rather  than  the  increase  in  the  radiative  recombination 
probability.  Our  results  indicate  importance  of  nonradiative  recombination  processes 


Electrochemical  Society  Proceedings  Volume  98-19 


47 


of  red  band  PL  in  Si  nanocrystallites. 


ACKNOWLEDGMENTS 

This  work  was  partially  supported  by  The  Hirao  Taro  Foundation  of  the 
Konan  University  Association  for  Academic  Research  and  by  a  Grant-in-Aid  for 
Scientific  Research  from  the  Ministry  of  Education,  Science  and  Culture  of  Japan. 
Part  of  this  work  was  conducted  in  the  program  "Advanced  Photon  Processing  and 
Measurement  Technologies"  of  the  Agency  of  Industrial  Science  and  Teclmology, 
the  Ministry  of  International  Trade  and  Industry,  consigned  to  the  R&D  Institute  for 
Photonics  Engineering  from  the  New  Energy  and  Industrial  Technology  Development 
Organization. 


REFERENCES 

1.  L.T.  Canham,  Appl.  Phys.  Lett.  57, 1046  (1990). 

2.  S.  Furukawa  and  T.  Miyasato,  Jpn.  J.  Appl.  Phys.  L2207  (1988). 

3.  H.  Takagi,  H.  Ogawa,  Y.  Yamazaki,  A.  Ishizaki  and  T.  Nakagiri,  Appl.  Phys.  Lett. 
56,  2379  (1990). 

4.  Y.  Yosida,  S.  Takeyama,  Y.  Yamada  and  K.  Mutoh:  J.  Appl.  Phys.  68,  1772 
(1996). 

5.  Y.  Kanemitsu:  Physics  Reports  263, 1  (1995). 

6.  C.  Delerue,  G.  Allan  and  M.  Lannoo.  ;  in  Semoconductor  and  semimetals  Vol.49 , 
D.  J.  Lockwood,  Editor,  p253,  Academic  Press,  San  Diego,  (1998). 

7.  Y.  Yamada,  T.  Qrii,  I.  Umezu,  S.  Takeyama  and  T.  Yoshida,  Jpn.  J.  Appl.  Phys. 
35, 1361  (1996). 

8.  J.I.  Pankove;  Optical  processes  in  Semiconductors,  Dover,  New  York  (1971) . 

9. 1.G.  Austin,  W.A.  Jackson,  T.M.  Searle,  P.K.  Bhat  and  R.A.  Gibson,  Philos.  Mag. 
B  52,  271  (1985). 

10.  R.  A.  Street  ;  in  Semoconductor  and  semimetals  VoL21  PtB,  J.  I.  Pankove, 
Editor,  pl97.  Academic  Press,  New  York  (1984). 


Electrochemical  Society  Proceedings  Volume  98-19 


48 


Observation  of  an  Electron  Charging  Effect  in  Si 
Nanocrystals  Embedded  in  an  Ultrathin  Gate  Oxide 


Tatsuro  Maeda,  Eiichi  Suzuki,  Isao  Sakata,  Mitsuyuki  Yamanaka 
and  Kenichi  Ishii 

Electrotechnical  Laboratory,  1-1-4,  Umezono,  Tsukuba-shi,  Ibaraki  305,  Japan 
Electric  mail:  tmaeda@etl.go.jp 

Abstract 

We  have  investigated  the  electrical  characteristics  of  Si  nanocrystals  fabricated 
by  the  rapid  thermal  oxidation  (RTO)  of  an  ultrathin  chemical  vapor  deposition  (CVD) 
amorphous  Si  (a-Si:H)  film(<10nm).  It  is  found  from  the  transmission  electron 
microscope  (TEM)  observation  that  the  ultrathin  RTO  film  contains  Si  nanocrystals  of 
less  than  5nm  in  diameter.  The  dynamic  measurement  of  the  electrical  conduction 
through  the  ultrathin  RTO  film  reveals  novel  features  indicating  a  tunnel  current 
modulation  such  as  the  current  peak  and  valley  and  the  hysteresis.  The  electron 
charging  effect  in  Si  nanocrystals  and  the  consequent  screening  effect  on  reducing  the 
tunnel  current  can  explain  these  experimental  results.  We  also  fabricated  the  3- 
terminal  device  with  Si  nanocrystals,  which  shows  the  similar  charging  effect, 
modulated  by  the  gate  voltage 


Introduction 

The  semiconductor  nanoscale  structure  has  led  to  several  significant 
observations  of  low  dimensional  phenomena  and  demonstrations  of  their  usefulness  in 
electronic  and  optoelectronic  devices.  Especially,  Si  nanocrystals  have  received  much 
attention1’2,3,  and  shown  interesting  phenomena  in  a  MOS  structure4,5  and  some 
remarkable  performances  in  a  single  electron  transistor6,7,8,  a  single  electron 
memory9,10,  and  a  nano-crystal  memory11.  To  widely  apply  such  a  new  electronic 
material  to  novel  devices,  it  is  desirable  not  only  to  exactly  understand  the  electron 
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transport  characteristics  but  also  to  develop  the  fabrication  method,  which  is  simple  and 
compatible  with  a  conventional  Si  technology. 

In  this  paper,  we  report  on  a  fascinating  fabrication  method  of  Si  nanocrystals 
embedded  in  the  ultrathin  oxide  by  the  rapid  thermal  oxidation  (RTO)  of  an  ultrathin 
chemical  vapor  deposition  (CVD)  amorphous  Si  (a-Si:H)  film.  The  dynamic  current 
vs.  voltage  (I-V)  characteristics  present  the  novel  features  such  as  a  current  peak  and 
valley  and  a  hysteresis  in  the  tunnel  current  through  the  ultrathin  RTO  film  including  Si 
nanocrystals.  The  electron  charging  in  Si  nanocrystals  and  its  screening  effect  on  the 
tunnel  current  can  explain  this  tunnel  current  modulation. 

Experiment 

We  fabricated  the  RTO  diode  structure  with  Si  nanociystals  as  schematically 
shown  in  Fig.  1.  At  first,  an  n-type,  (lOO)-oriented,  2  O-cm  Si  substrate  was 
oxidized  to  form  a  field  oxide  of  230nm  in  thickness  in  dry  02  at  1 100*0.  The  active 
device  area  of  3x3pm2  was  formed  by  etching  the  window  of  the  field  oxide.  A 

1.9nm- thick  tunnel  oxide  was  thermally  grown  in  this  active  device  area  in  dry  02 
(0.7%)  and  N2  at  900*0.  This  tunnel  oxide  acts  as  the  first  barrier  layer  electrically. 
Next,  an  ultrathin  thermal  CVD  a-Si:H  (lOnm)  film  was  deposited  on  the  tunnel  oxide 
at  4300  in  S^Hg  (18cc/min)  and  H2  (lOOcc/min)  atmosphere.  Then,  the  RTO 
processing  was  performed  in  pure  02  at  8000  for  30sec  and  lOmin  followed  by 
gradual  cooling  for  20min  in  pure  N2.  During  the  RTO,  thermal  crystallization  and 
oxidation  of  the  ultrathin  a-Si:H  film  simultaneously  occur.  Finally,  the  aluminum 
gate  was  formed  on  some  samples  to  fabricate  the  diode  structure  for  the  electrical 
measurement. 

For  fabricating  a  3-terminal  device,  die  ultrathin  RTO  film  was  formed  on  the 
V-shaped  ditch  between  two  n+-Si  areas  isolated  by  an  anisotropic  etching  of  Silicon- 
on-insulator  (SOI).  Si  nanocrystals  embedded  in  an  ultrathin  gate  oxide  are  placed 
between  the  source  and  the  drain.  Poly-Si  gate  was  formed  on  the  ultrathin  RTO 
film. 

All  the  electrical  measurement  was  carried  out  at  room  temperature  in  dark  by 
using  a  semiconductor  parameter  analyzer  (HP4156A). 
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Results  and  discussion 

Figures  2  shows  the  cross-sectional  transmission  electron  microscope  (TEM) 
images  of  (a)  30sec  and  (b)  lOmin  RTO  diode  samples.  In  the  30sec  RTO  diode 
sample,  random  Si  lattice  images  can  be  seen  clearly  in  a  7nm- thick  layered  structure 
between  the  tunnel  oxide  layer  and  the  upper  amorphous  layer.  That  is,  a  part  of  the 
a-Si:H  film  of  3nm  was  partially  oxidized  during  the  30sec  RTO  process.  This  upper 
amorphous  layer  was  identified  as  SiQx  (x<2)  by  the  energy  disperse  X-ray 
spectroscopy  (EDX)  analysis.  Oxidation  of  the  a-Si:H  film  proceeds  from  the  surface, 
whereas  the  remainder  is  poly-crystallized  on  the  tunnel  oxide  during  the  RTO  process. 
On  the  other  hand,  in  the  lOmin  RTO  diode  sample,  it  is  difficult  to  distinguish  a  poly- 
Si  layer  between  the  upper  oxide  and  tunnel  oxide  layers,  compared  with  the  case  of  the 
30sec  RTO  sample.  It  should  be  noted,  however,  that  many  Si  lattice  image  regions 
of  less  than  5nm  are  dispersed  in  the  amorphous  SiQx  matrix.  During  the  prolonged 
RTO  process  for  lOmin,  it  is  considered  that  oxygen  penetrates  through  grain 
boundaries  and  Si  nanocrystals  are  formed  possibly  with  a  self-limiting  oxidation  of 
small  Si  grains.  Consequently,  we  obtained  Si  nanociystals  by  the  proper  RTO 
processing  of  the  ultrathin  a-Si:H  films. 

Before  discussing  the  electrical  properties,  it  is  important  to  explain  the  present 
I-V  measurement  of  the  diode  structures  in  time  scale.  Since  a  transient  current  is 
usually  observed  in  the  I-V  measurement  when  a  carrier  charging  occurs,  we  have  to 
distinguish  between  the  static  and  the  dynamic  I-V  characteristics.  To  obtain  the  static 
characteristic  at  each  gate  voltage,  it  is  necessary  to  wait  for  some  time.  We  define  this 
waiting  time  as  a  “delay  time”.  Figure  3  shows  the  round  sweep  I-V  characteristics  of 
the  lOmin  RTO  diode  sample,  where  the  delay  time  is  (a)  60sec  and  (b)  Osec.  An 
electron  current  flows  from  the  Si  substrate  to  the  gate  through  the  tunnel  oxide  and 
RTO  film.  It  is  apparent  from  Fig.  3  (a)  that  only  the  simple  Fowler-Nordheim  tunnel 
current  flows  and  the  I-V  curves  of  the  forward  and  reverse  sweeps  coincide  completely. 
We  consider  these  I-V  characteristics  to  be  the  static  behavior.  On  the  other  hand,  I- 
V  characteristics  measured  under  the  delay  time  of  Osec  (Fig.  3  (b))  indicate  the  novel 
features  of  the  current  peak  and  valley  at  the  gate  voltage  Vg  from  2.5  V  to  4.2V  in  the 
forward  sweep.  The  reverse  sweep  I-V  curve  shows  no  current  peak  and  valley,  and 
corresponds  to  the  steady-state  tunnel  current  Therefore,  the  current  peak  and  valley 
in  the  forward  sweep  are  not  attributed  to  a  resonant  tunneling.  These  characteristics 
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were  quite  reproducible.  In  Fig.  3  (b),  the  I-V  characteristic  of  the  30sec  RTO  diode 
sample  is  shown  additionally  to  compare  with  that  of  the  lOmin  RTO  diode  sample. 
For  the  30sec  RTO  diode  sample,  we  never  observed  these  notable  features  even  under 
the  delay  time  of  Osec. 

To  investigate  this  novel  dynamic  behavior  carefully,  the  time  dependence  of 
the  tunnel  current  for  the  lOmin  RTO  diode  sample  was  measured.  The  tunnel  current 
vs.  time  (I-t)  characteristics  are  summarized  in  Fig.  4,  where  the  gate  bias  voltage  is 
from  2V  to  5.5V  and  the  measurement  time  scale  is  from  100msec  to  lOOsec.  At 
Vg=2V,  only  the  initial  tunnel  current  decrease  is  observed.  This  initial  gradual 
decrease  of  the  tunnel  current  is  attributed  to  the  slight  electron  trapping  effect  in  both 
oxide  layers  and/or  at  the  interfaces.  This  supplementary  current  decrease  is  not 
considered  here.  At  Vg=2.5~4.5V,  however,  the  time-dependent  tunnel  current 
indicates  the  clear  current  reduction  from  the  higher  level  to  the  lower  level.  At 
Vg=3.5V,  for  example,  the  constant  tunnel  current  of  around  200pA  flows  until  lsec. 
Consecutively,  the  tunnel  current  reduces  in  the  period  from  lsec  to  lOsec,  and  is 
eventually  settled  down  only  at  2pA  after  lOsec.  The  reduction  in  the  tunnel  current 
during  this  transient  period  (l~10sec)  indeed  amounts  to  1/100.  This  tunnel  current 
reduction  is  directly  related  to  the  current  peak  Mid  valley  as  shown  in  the  forward 
sweep  I-V  curve  in  Fig.  3  (b).  In  the  case  that  the  tunnel  current  is  measured  at  the 
time  when  the  tunnel  current  level  at  higher  Vg  underlies  that  at  lower  Vg,  the  tunnel 
current  peak  and  valley  appear  in  the  I-V  characteristic.  When  the  current  is  measured 
in  the  steady-state  current  period  (after  60sec),  we  obtain  the  static  characteristics  of  the 
tunnel  current  At  the  higher  gate  voltage  of  more  than  5V,  any  tunnel  current 
reduction  is  not  observed  in  this  measurement  time  sale. 

The  above-mentioned  experimental  results  can  be  explained  by  the  electron 
charging  in  the  Si  nanocrystals  and  the  consequent  screening  effect  on  the  tunnel  current 
as  illustrated  in  Fig.  5.  Figure  5  shows  the  schematic  Ig  vs.  Vg  and  Ig  vs.  time 
characteristics  and  the  corresponding  real  space  models  at  each  gate  voltage.  At  first, 
we  observe  the  tunnel  current  (A  state)  at  the  gate  voltage  higher  than  the  first  threshold 
voltage  (Vti;  3  V  in  Fig.  3(b)).  There  are  many  electron  tunnel  paths  via  relatively  large 
Si  nanocrystals,  and  the  tunnel  current  increases  with  increasing  Vg.  Simultaneously, 
the  electron  charging  at  the  Si  nanocrystals  starts  (B  state).  Once  electrons  are  trapped 
in  small  Si  nanocrystals,  the  screening  to  the  tunnel  current  paths  occurs  in  the  vicinity 
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of  the  charged  Si  nanocrystals.  Because  the  charging  in  the  Si  nanocrystals  forces  up 
the  surrounding  electronic  potential  that  makes  narrowing  of  the  tunnel  current  paths  in 
parallel  with  the  charged  Si  nanocrystals  (C  state;  around  4V  in  Fig.  3(b)).  The 
incubation  time  until  the  start  of  the  screening  depends  on  the  electron  charging 
efficiency  at  each  Si  nanocrystals.  By  increasing  the  gate  voltage  furthermore,  the 
tunnel  current  rises  up  again,  keeping  the  charged  state  in  Si  nanocrystals.  The 
second  threshold  voltage  (V12;  4.2V  in  Fig.  3(b))  refers  to  the  starting  voltage  of  the 
screened  tunneling  current  The  reverse  sweep  current  consists  of  the  fully  screened 
tunnel  current  and  coincides,  therefore,  with  the  static  tunnel  current  curve  shown  in 
Fig.  3(a).  The  fixed  spacing  between  the  first  and  second  threshold  voltage  suggests 
the  definite  electron  charging  effect  in  the  Si  nanocrystals.  The  exact  charging  sites  in 
the  Si  nanocrystals  are  not  known  at  present  But  we  emphasize  here  that  the  lOmin 
RTO  sample  contains  so  small  Si  nanocrystals  that  we  can  observe  the  electron  charging 
as  the  screening  effect  on  the  tunnel  current  even  at  room  temperature.  When  the  size 
of  Si  nanocrystals  is  more  than  5nm  as  in  the  case  of  the  30s ec  RTO  sample,  it  is 
difficult  to  observe  the  screening  effect  because  of  the  small  charging  energy  in  larger  Si 
nanocrystals.  We  consider  that  our  experimental  result  is  the  substantial 
demonstration  of  the  tunnel  conductance  modulation  utilizing  the  screening  effect  of 
electron  charging. 

We  also  fabricated  the  3-terminal  device  with  Si  nanocrystals  embedded  in 
ultrathin  gate  oxide  as  schematically  shown  in  the  inset  of  Fig.  6.  An  electron  current 
laterally  flows  from  the  source  to  the  drain  via  Si  nanocrystal.  In  the  drain  current  vs. 
voltage  characteristics  (Fig.  6),  we  find  the  similar  one  or  two  current  peaks  and  valleys 
as  I-V  characteristics  in  the  RTO  diode  structure  due  to  the  charging  and  screening 
effect  Besides,  the  gate  voltage  modifies  the  Id-Vd  characteristics.  We  consider 
that  the  gate  voltage  changes  the  electric  potential  of  several  charging  sites  as  well  as  the 
tunnel  barrier  height  between  source  and  drain  and  consequently  controls  the  threshold 
voltage  of  the  tunnel  current. 


Conclusion 

In  summary,  we  have  studied  the  dynamic  and  static  electron  conduction 
behavior  of  the  RTO  film  of  the  ultrathin  CVD  a-Si:H  film  using  the  MOS  diode  and 
3-terminal  structure.  The  RTO  ultrathin  film  contains  Si  nanocrystals  of  less  than  5nm 
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in  diameter.  The  dynamic  I-V  measurement  of  these  films  reveals  novel  features  such 
as  the  tunnel  current  peak  and  valley,  and  the  hysterisis  characteristic.  Based  on  the 
time-dependent  current  measurement,  these  phenomena  can  be  elucidated  by  the 
electron  charging  in  Si  nanocrystals  and  the  consequent  screening  effect  on  the  tunnel 
current  Such  the  tunnel  current  modulation  is  expected  to  open  the  way  to  novel  Si 
devices. 
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Fig.  1.  Schematic  cross  section  of  the 
RTO  sample  structure  fabricated. 
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Si  substrata 


<b) 

Fig.  2.  Cross-sectional  TEM  images  of  (a)  30sec 
and  (b)  lOmin  RTO  samples. 
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Fig.  3.  I-V  characteristics  of  the  lOmin  RTO 
diode  sample  measured  at  room 
temperature,  where  the  measurement  delay 
time  is  60sec  (a)  and  Osec  (b).  In  Fig.  3 
(b),  the  I-V  characteristic  of  the  30sec 
RTO  diode  sample  is  shown  additionally. 
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Current  (A) 


Time  (s) 


Fig.  4.  Time  dependence  of  the  tunnel  current  of 
the  lOmin  RTO  diode  sample  with  the  gate 
voltage  as  a  parameter  measured  at  room 
temperature.  Dashed  line  indicates  Vg=3.5V. 
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Fig.  5  Schematic  Ig  vs.  Vg  and  Ig  vs.  time 
characteristics  and  the  corresponding  real  space 
models  at  each  state. 
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Drain  Current  (A) 


0  2  4  6  8 


Drain  Voltage  (V) 

Fig.  6  Id  vs.  Vd  characteristics  of  3-terminal 
device.  Vg=0,  2V 
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ABSTRACT 

Two  common  approaches  to  the  formation  of  efficient 
light-emitting  silicon  are  quantum  confinement  and  the 
incorporation  of  luminescent  rare  earth  ions  such  as  Er3+  into 
crystalline  Si.  This  paper  describes  the  synthesis  and 
characterization  of  discrete  Er3+-doped  Si  nanocrystals  produced 
in  the  vapor  phase  by  the  pyrolysis  of  disilane  gas  in  the 
presence  of  the  volatile  Er3+  complex  Er(tmhd)3  (tmhd  =  2, 2, 6, 6 
tetramethyl-3,5-heptanedionato).  Individual  Er3+-doped  Si 
nanocrystals  are  found  to  aggregate  into  larger  clusters;  the  size 
distributions  of  those  clusters  can  be  controlled  by  varying  the 
length  of  the  pyrolysis  oven.  Energy  dispersive  X-ray  analyses  of 
Er3+- doped  Si  nanocrystals  detect  Er  and  Si  while  control 
samples  produced  in  the  absence  of  Er(tmhd)3  detect  only  Si. 
High  resolution  electron  microscopy  (HREM)  shows  the  presence 
of  lattice  defects  in  all  samples.  Room  temperature  near  IR  PL 
at  1540  nm,  associated  with  Er3+,  was  detected  from  the  doped 
nanoparticles.  The  mechanism  for  Er3+  photoluminescence 
excitation  in  Er3+-doped  Si  nanocrystals  is  thought  to  be  a 
carrier  mediated  process  through  energy  transfer  from  a  silicon 
exciton. 


*  To  Whom  Correspondence  Should  Be  Addressed. 
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INTRODUCTION 


The  desire  to  integrate  Si  into  optoelectronic  platforms  is  hampered  by 
the  lack  of  a  suitable  Si-based  light  emitter  [I].  Though  several  routes  for 
light  emission  from  Si  have  been  explored,  two  of  the  more  promising  avenues 
include:  1)  the  shrinking  of  Si  to  nanoscale  dimensions  giving  rise  to  kinetic 
quantum-confined  visible  luminescence  [2,  3],  and  2)  the  incorporation  of 
luminescent  rare  earth  ions  such  as  Er3+  which  produce  defect  luminescence 
ascribed  to  electronic  transitions  of  4/  orbitals  [4-7].  To  date,  most  studies  of 
Er3+  luminescence  have  focused  on  erbium  which  has  been  ion-implanted  in 
bulk  Si  [8],  or  erbium  and  Si  co-deposited  as  thin  films  [9].  It  is  desirable  to 
understand  the  properties  of  isolated,  individual  silicon  nanocrystals  with 
dimensions  below  those  necessary  for  quantum  confinement  which  have  been 
doped  with  luminescent  rare  earth  ions.  We  describe  here  the  preparation  of 
discrete  erbium-doped  silicon  nanocrystals  prepared  by  the  co-pyrolysis  of 
disilane  and  the  volatile  complex  Er(tmhd)3  (tmhd  =  2, 2, 6, 6  tetramethyl- 3,5- 
heptane  dionato).  These  nanocrystals  are  characterized  by  transmission 
electron  microscopy  (TEM),  high  resolution  transmission  electron  microscopy 
(HREM),  energy  dispersive  X-ray  analysis,  and  infrared  (IR)  vibrational 
spectroscopy.  The  optical  properties  of  Er3+-doped  Si  nanocrystals  are  probed 
using  UV-visible  absorption  spectroscopy,  and  near  IR  photoluminescence 
(PL)  spectroscopy. 


EXPERIMENTAL 

Discrete  Si  nanocrystals  have  been  produced  by  several  methods 
including  laser  ablation  of  bulk  crystalline  Si  [10],  the  gas  phase  pyrolysis  of 
silane  or  disilane  [11-14],  and  the  reduction  of  halosilanes  [15].  The  method 
chosen  for  the  production  of  Er3+-doped  Si  nanocrystals  involves  a 
modification  of  a  high  temperature  aerosol  reaction  involving  the  pyrolysis  of 
disilane  (S^He)  in  a  He  carrier  gas  followed  by  oxidation  and  isolation  as  a 
colloidal  solution  in  ethylene  glycol  [11-13].  The  modified  pyrolysis  apparatus 
allows  the  introduction  of  an  additional  vapor  phase  reactant  into  the  gas 
stream.  The  reactor  is  constructed  from  7  mm  ID  quartz  tubing.  Gas  flow  is 
regulated  using  mass-flow  controllers  (MKS  Inc.)  which  are  connected  to  the 
pyrolysis  system  with  O-ring  fittings  (Cajon  Inc).  The  disilane  (0.48%  Si2H6  in 
He  (Praxair))  is  maintained  at  a  fixed  flow  rate  during  the  course  of  an 
experiment;  flow  rates  employed  ranged  from  2.8  to  4.0  seem.  A  He  carrier 
gas  (Praxair,  UHP  semiconductor  grade)  is  used  to  further  dilute  the  disilane 
mixture  at  a  flow  rate  of  3000  seem.  If  desired,  the  He  carrier  gas  can  be 
diverted  through  a  bubbler  which  contains  a  MOCVD  precursor.  The  Er 
precursor  chosen  for  these  reactions  is  the  well  known  Er3+  chemical  vapor 
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deposition  precursor,  Er(tmhd)3.  The  gases  mix  and  flow  through  a  short 
pyrolysis  oven  operating  at  1000°  C.  The  length  of  the  oven  remained 
constant  for  a  given  24  hour  pyrolysis  run,  but  could  be  varied  for  different 
experiments  from  1.5  to  3.0  to  6.0  cm.  After  pyrolysis  the  reaction  mixture 
travels  downstream  where  the  aerosol  is  collected  as  a  colloid  in  acidified 
ethylene  glycol  (5%  acidified  H2O  at  pH  =  1).  After  a  24  hour  pyrolysis  reaction 
period,  the  product  consists  of  a  yellow  colloid  and  brown  solid  in  the  ethylene 
glycol  bubbler.  Nanocrystals  were  extracted  from  the  solution,  washed,  and 
purified  to  separate  the  as-formed  nanoparticles  from  an  unreacted, 
physisorbed  Er3+  present  in  solution. 

Structural  characterization  of  Er3+-doped  Si  nanocrystal  aggregates 
was  performed  using  a  JEOL  200CX  TEM  at  the  University  of  North  Texas. 
Samples  were  deposited  on  carbon  coated  copper  grid  and  the  ethylene  glycol 
allowed  to  evaporate  prior  to  imaging.  Structural  characterization  of 
individual  Er3+-doped  Si  nanocrystals  by  HREM  was  performed  using  a 
Hitachi  H9000  at  UNT.  X-ray  energy  dispersive  spectroscopy  (XEDS) 
analyses  of  Er3+-doped  Si  aggregates  were  performed  in  the  scanning 
transmission  electron  microscopy  (STEM)  mode  of  the  JEOL  200CX.  Selected 
area  electron  diffraction  patterns  (SADP)  were  obtained  in  conjunction  with 
TEM  analyses.  UV- visible  spectroscopy  was  obtained  using  a  Hewlett- 
Packard  8452A  diode  array  spectrometer. 

Optical  characterization  of  Er3+-doped  Si  nanocrystals  was  performed 
using  low  resolution  (±4  nm)  near  IR  photoluminescence  (PL)  spectra  were 
obtained  using  an  Applied  Detector  Corp.  liquid  N2  cooled  Ge  detector  in 
conjunction  with  a  Stanford  Research  Systems  chopper/lock-in  amplifier  and 
an  Acton  Research  Corp.  0.25  m  monochromator.  Sample  excitation  was 
provided  by  a  Coherent  Ar+  laser.  A  10  cm  lens  was  used  to  focus  light 
emitted  from  the  samples  on  the  monochromator  entrance  slit.  Emitted  light 
was  collected  at  right  angles  to  excitation.  A  1000  nm  cutoff  filter  (Melles 
Griot)  was  positioned  over  the  monochromator  entrance  slit  to  filter  out 
second  and  third  order  harmonics  from  the  exciting  line. 

RESULTS 

A  conventional  low  resolution,  bright-field  transmission  electron 
micrograph  of  a  washed  Er3+-doped  Si  nanocrystal  sample  collected  from  a 
pyrolysis  run  using  a  3.0  cm  long  oven  is  shown  in  Figure  1.  The  micrograph 
shows  two  distinct  types  of  material:  (1)  light  contrast  areas  (L)  and  (2)  dark 
contrast  areas  (D).  The  clusters  are  actually  aggregates  composed  of  smaller 
Si  nanocrystallites.  Selected  area  diffraction  patterns  (SADP)  obtained  from 
both  the  light  and  dark  contrast  areas  show  diffraction  rings  consistent  with 
the  diamond  cubic  phase  of  Si.  SADP  obtained  for  control  samples  produced 
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without  the  introduction  of  Er(tmhd)3  to  the  reactor  also  show  diffraction  rings 
consistent  with  diamond  cubic  Si. 

The  average  size  of  these  Er3+-doped  Si  nanoparticle  aggregates  have 
been  determined  by  measuring  the  diameters  of  400  to  700  structures  for 
each  type  of  sample.  Since  these  structures  are  aggregates  of  smaller 
nanocrystals,  structure  sizes  are  described  using  lognormal  statistics. 
Average  sizes  and  standard  deviations  for  three  reaction  furnace  lengths  are 
presented  in  Table  1. 


Table  1  Statistical  data  for  structure  size  versus  reaction  furnace  length 


Reaction 

Furnace 

Length  (cm) 

Average 
Structure  Size 
Linear 

Statistics  (nm) 

a  (Linear 
Statistics)  (nm) 

Average 
Structure  Size 
Lognormal 
Statistics 
(loe  nm) 

o  (Lognormal 
Statistics) 

(log  nm) 

1.5 

11.3 

3.8 

1.03 

0.14 

3.0 

13.8 

4.8 

1.11 

0.15 

6.0 

15.2 

6.6 

1.15 

0.16 

High  resolution  electron  microscopy  (HREM)  was  used  to  probe  the 
structure  of  the  dark  aggregates  observed  in  the  TEM  analyses.  It  was  hoped 
that  the  location  of  Er  in  the  Si  lattice  could  be  elucidated.  Figure  2  is  a 
HREM  image  of  one  of  the  dark  contrast  areas  observed  by  TEM  from  a 
sample  produced  with  a  3.0  cm  oven.  The  aggregates  are  composed  of 
numerous  discrete  Si  nanoparticles  with  a  mean  diameter  of  3  nm.  This  size 
distribution  is  well  within  the  regime  required  for  kinetic  quantum 
confinement.  Many  of  the  nanocrystals  observed  contain  various  types  of 
lattice  defects.  Similar  studies  of  control  samples  without  Er3+  show  the 
same  types  of  lattice  defects.  The  defects  are  most  likely  the  result  of  rapid 
growth  caused  by  the  short  high  temperature  anneal  times. 

Analysis  of  light  and  dark  contrast  areas  by  XEDS  was  used  to  probe 
for  the  presence  of  erbium.  Figure  3a  is  an  energy  dispersive  X-ray  spectrum 
obtained  from  a  dark  contrast  are  similar  to  D  in  Figure  1.  The  peaks  present 
in  this  spectrum  are  assigned  to  Si,  Fe,  Cu-Ka,  Cu-Kp,  Er-L,  and  Er-M.  The 
Si  and  Er  peaks  are  from  the  sample  itself,  the  Cu  peaks  arise  from  the  Cu 
grid  used  to  support  the  sample,  and  the  Fe  is  an  artifact  from  the  sample 
chamber.  Quantitative  analysis  of  multiple  spectra  yields  an  estimated  Er3+ 
concentration  of  2-3%.  Figure  3b  shows  a  typical  x-ray  energy  dispersive 
spectrum  for  a  light  contrast  area  similar  to  L  in  Figure  1.  The  spectrum 
shows  only  peaks  for  Si,  Fe,  Cu-Ka,  and  Cu-Kp.  There  is  no  evidence  of  Er  in 
this  type  of  particle.  Control  samples  produced  without  Er(tmhd)3  have 
spectra  similar  to  Figure  3b. 
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Both  the  absorption  and  photoluminescence  spectra  of  the  Er3+-doped 
Si  nanocrystals  have  been  measured.  A  typical  UV/visible  absorption 
spectrum  is  shown  in  Figure  4  for  an  ethylene  glycol  solution  of  Er3+-doped  Si 
nanoparticles  with  a  mean  particle  size  of  3  nm.  A  broad  absorption  tail  is 
observed  with  the  onset  of  absorption  near  600  nm.  This  type  of  absorption 
spectrum  is  observed  in  all  samples  produced  with  and  without  the  presence 
of  Er(tmhd)3  in  the  reaction  stream.  This  tail  is  indicative  of  an  indirect-gap 
semiconductor  and  has  been  observed  for  solutions  of  homogeneous  oxide- 
capped  Si  nanocrystallites  produced  by  pyrolysis  of  disilane  gas  in  previous 
studies  [11]. 

A  KBr  pellet  of  the  washed  Er-doped  Si  nanocrystals  was  formed  for 
analysis  by  infrared  (IR)  absorption,  the  spectrum  is  shown  in  Figure  5.  The 
IR  absorbance  spectrum  shows  a  Si-0  stretch  near  1100  cm*1  (strong),  and  the 
O-H  stretch  at  approximately  3500  cm*1.  The  sharp  peaks  which  show  up 
near  1400,  and  1700  cm*1  are  residual  THF  solvent.  This  indicates  that  the 
Er3+-doped  Si  nanocrystals  are  capped  with  an  oxide  shell. 

The  room  temperature  photoluminescence  of  Er3+-doped  Si 
nanoparticles  has  also  been  measured.  Upon  excitation  at  488  nm,  the 
anticipated  Er3+  emission  maximum  near  1540  nm,  associated  with  the 
(4I i 3/2) — K41 1 5/2)  transition,  is  observed.  Figure  6  shows  representative 
photoluminescence  spectra  for  Er3+-doped  Si  nanocrystals  in  ethylene  glycol 
from  three  different  pyrolysis  experiments.  No  visible  luminescence 
associated  with  kinetically  quantum-confined  Si  nanocrystals  is  detected, 
however  [11].  Two  scenarios  are  possible  for  the  fundamental  luminescence 
mechanism  of  the  Er3+  centers  [15]:  1)  Si  carrier-mediated  excitation  of  the 

Er  centers  by  energy  transfer,  or  2)  direct  absorption  into  energy  levels 
associated  with  the  Er3+  centers.  Carrier  mediated  excitation  is  dependent  on 
energy  transfer  from  excitons  in  Si  which  excites  the  Er3+  ion  to  produce  the 
1540  nm  transition.  Direct  absorption  is  prevalent  in  insulating  systems 
such  as  glasses  in  which  excitation  at  488  nm  results  in  the  population  of  the 
4F7/2  energy  level  which  can  then  undergo  non-radiative  decay  to  the  4Ii3/2level 
leading  to  the  fluorescence  transition  at  1540  nm. 

Preliminary  measurements  of  wavelength  and  power  dependencies 
have  been  carried  out  to  elucidate  the  mechanism  for  Er3+  excitation  in  Si 
nanocrystals.  For  an  excitation  wavelength  range  of  475  to  514  nm  at  a 
constant  power  of  50  mW,  we  find  that  there  is  a  monotonic  decrease  in  the 
1540  nm  luminescence  intensity  as  the  excitation  wavelength  increases. 
Figure  7  illustrates  the  dependence  of  normalized  emission  intensity  as  a 
function  of  wavelength  for  a  sample  of  Er3+-doped  Si  nanocrystallites  in 
ethylene  glycol  prepared  from  a  pyrolysis  in  a  3.0  cm  oven.  Carrier-mediated 
excitation  relies  on  an  electronic  level  of  the  Er3+  ion  close  in  energy  to  the  Si 
conduction  band  to  trap  an  exciton  from  Si,  which  then  transfers  energy 
through  an  Auger  process  to  the  Er3+  ion  for  excitation  [15]. 
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Measurements  were  made  of  the  dependence  of  emission  intensity  on 
excitation  power  (  Figure  8).  This  sub-linear  PL  power  dependency  has  been 
reported  for  Er3+  in  several  systems  [16-18].  Sub-linear  power  dependency  is 
found  in  direct  absorption  systems  as  a  consequence  of  the  saturation  of 
optically  active  Er3+  centers  with  exciting  light.  It  is  also  consistent  with  a 
carrier  mediated  process  involving  non-radiative  Auger  quenching. 

Visible  photoluminescence  ascribed  to  quantum  confined  Si 
nanocrystals  was  not  detected  from  Er3+-doped  Si  nanocrystal  samples  or  for 
control  samples  produced  in  the  absence  of  Er(tmhd)3 ,  even  though  the  Er3+- 
doped  Si  nanocrystals  are  below  the  size  limits  required  for  kinetic  quantum 
confinement.  The  absence  of  this  emission  in  Er3+-doped  Si  samples  can  be 
explained  by  the  carrier-mediated  excitation  process  as  energy  transfer  occurs 
between  the  Si  exciton  and  the  Er3+  centers.  The  Er3+-doped  Si  nanocrystal 
samples  also  show  evidence  for  lattice  defects  which  act  as  sites  for  non- 
radiative  recombination.  Homogeneous  Si  nanocrystals  produced  via  disilane 
pyrolysis  in  a  3.0  cm  oven  without  the  presence  of  Er(tmhd)3  have  an  average 
size  of  12  nm,  well  above  the  size  limit  required  for  kinetic  quantum 
confinement.  However,  these  “control”  Si  nanocrystals  produced  without 
Er(tmhd>3  also  show  evidence  of  lattice  defects,  which  can  act  as  sites  for  non 
radiative  recombination  (Figure  9). 

CONCLUSIONS 

These  experiments  show  that  it  is  possible  to  form  discrete  erbium 
doped  Si  nanoparticles.  This  revelation  is  important  from  a  fundamental 
perspective  in  that  it  is  now  possible  to  study  the  effects  of  quantum 
confinement  on  rare  earth  centers  incorporated  within  a  Si  host.  Er3+-doped  Si 
nanocrystals  show  characteristic  1.54  pm  photoluminescence  ascribed  to  the 
4Ii3/2  -»  4Ii/2  electronic  transition  of  Er3+.  Er3+-doped  Si  nanocrystals  show  a 
sub-linear  dependency  on  pump  laser  power  which  is  either  a  manifestation  of 
Er3+  center  saturation  or  evidence  of  Auger  quenching  processes  from  the  Si 
lattice.  Er3+-doped  Si  nanocrystals  show  a  monotonic  decrease  in  1.54  pm 
emission  intensity  as  the  excitation  wavelength  increases,  consistent  with  a 
carrier-mediated  process.  A  carrier-mediated  excitation  process  gives  further 
evidence  that  the  Er3+  centers  reside  within  the  Si  lattice. 
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Figure  1:  A  conventional  low  resolution  transmission  electron  micrograph  of 
a  sample  collected  from  a  3.0  cm  long  reaction  furnace.  There  are  two  distinct 
morphologies  with  light  (L)  and  dark  (D)  contrast.  Dark  contrast  areas 
contain  Er  while  light  contrast  areas  do  not. 


Figure  2:  High  resolution  electron  micrograph  of  a  sample  from  the  3.0  cm 
long  furnace.  The  structures  visible  in  Figure  1  are  seen  to  be  composed  of  an 
agglomeration  of  nanoparticles. 
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Figure  3:  X-ray  energy  dispersive  spectra  from  (a)  a  dark  contrast  area 
similar  to  D  in  Figure  1  and  (b)  a  light  contrast  area  similar  to  L  in  Figure  1. 
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Figure  4:  Room  temperature  UV/visible  absorption  spectrum  of  Er3+-doped 
Si  nanoparticles  in  ethylene  glycol  solution  and  produced  from  disilane 
pyrolysis  (3.2  seem)  in  a  3.0  cm  furnace. 


Figure  5:  Infrared  spectrum  of  Er3+-doped  Si  nanocrystallites  prepared  from 
a  pyrolysis  experiment  using  a  3.0  cm  furnace. 
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Figure  6:  Room  temperature  near-IR  Photoluminescence  spectra  for  Er3+- 
doped  Si  nanocrystals  from  1.5,  3.0,  and  6.0  cm  pyrolysis  ovens. 
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Figure  7:  Excitation  wavelength  dependence  of  the  integrated  near  infrared 
PL  intensity  for  Er3+-doped  Si  nanocrystals  in  ethylene  glycol  solution 
produced  from  disilane  pyrolysis  in  a  3.0  cm  furnace. 
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Figure  8:  Power  dependence  of  the  integrated  near  infrared  PL  intensity  of 
Er3+-doped  Si  nanoparticles  in  ethylene  glycol  solution  produced  from  the 
pyrolysis  of  disilane  in  a  3.0  cm  furnace. 
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Figure  9:  High  resolution  electron  micrograph  showing  the  image  of  one 
nanoparticle  produced  in  a  3.0  cm  long  furnace  without  the  presence  of 
Er(tmhd)3 . 
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ABSTRACT 

We  report  on  the  characterization  of  nanocrystalline-Si/Si02  (nc-Si/Si02) 
superlattices  (SLs)  prepared  by  magnetron  sputtering  of  nanometer-thick 
amorphous  Si  layers  followed  by  high-temperature  crystallization.  The 
crystallization  was  performed  in  two  steps,  i.e.,  rapid  thermal  annealing 
(RTA)  and  slow  ramp-up  furnace  annealing,  and  monitored  by  a  number  of 
characterization  methods  including:  transmission  electron  microscopy 
(TEM)  and  atomic  force  microscopy  (AFM),  X-ray  diffraction  and  X-ray 
small  angle  reflection,  Raman  scattering,  and  tunneling  spectroscopy.  Our 
fabrication  technique  is  able  to  control  the  size,  shape,  and  packing  density 
of  the  Si  nanocrystals.  The  interfaces  between  the  nc-Si  and  Si02  layers  in 
the  nc-Si/Si02  SL  am  shown  to  be  flat  and  chemically  abrupt.  Our 
measurements  showed  that  a  post-treatment  oxidation  and  annealing  induce 
lateral  self-organization  of  the  nc-Si  and  a  transition  from  sphere-like 
nanocrystals  to  rectangular  or  brick-shaped  nanocrystals.  Phonon-assisted 
tunneling  was  observed  in  a  bipolar  nc-Si  based  structure,  which  confirmed 
that  the  nc-Si/Si02  interface  is  abrupt  and  nearly  defect-free.  These  results 
hold  promise  for  nc-Si  SL  quantum  device  applications. 
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I.  INTRODUCTION 


The  electronic  structure  and  major  physical  properties  of  3-dimensional  or  bulk 
crystalline  semiconductors  are  determined  by  their  chemical  composition  and  crystal 
lattice.  Therefore,  to  manufacture  semiconductor  heterostructures  and  superlattices  (SLs) 
of  high  quality,  precise  control  of  the  changes  in  chemical  composition  and  a  near-perfect 
lattice  match  is  required.  Examples  include  GaAs/GaAlAs-based  structures  grown  by 
molecular  beam  epitaxy  (MBE).  Semiconductor  nanocrystals  represent  a  new  class  of 
materials  where,  in  general,  the  electronic  structure  is  now  also  determined  by  the  size  of 
the  nanocrystals.  Semiconductor  nanocrystals,  also  called  quantum  dots  (QDs),  can  be 
produced  by  a  wide  variety  of  techniques  such  as  aerosol  reactions  (gas  phase), 
precipitation  in  organic  liquids  (liquid  phase)  or  Stranski-Krastanow  growth  (solid 
phase).  Existing  chemical  synthesis  methods  work  well  in  partially  ionic  E-VI  materials 
and  are  also  applicable  to  IH-V  materials.  In  the  case  of  covalent  group  IV 
semiconductors  such  as  Si  and  Ge,  however,  a  narrow  size  distribution  of  nanocrystals 
has  not  yet  been  achieved  [1].  Nevertheless,  silicon  is  the  dominant  material  in 
microelectronics  and  there  is  an  increasing  interest  in  silicon  nanocrystals  due  to  their 
potential  application  in  nanoelectronics. 

Among  the  many  approaches  to  fabricate  Si  QDs,  the  thermal  crystallization  of 
amorphous  Si  (a-Si)/Si02  layered  structures  [2]  shows  great  potential.  The  crystallized  Si 
nanocrystals  are  packed  in  the  form  of  ordered  layers,  and  their  size  and  packing  density 
can  be  controlled  precisely.  This  type  of  structure  has  been  called  a  nanocrystalline  Si 
(nc-Si)  SL  because  it  consists  of  periodically  alternating  layers  of  Si  nanocrystals  and 
SiOz. 


In  this  work  we  show  that  the  nc-Si  SL  prepared  by  controlled  crystallization 
exhibits  nearly  perfect  nc-Si/Si02  interfaces  and  a  narrow  nanocrystal  size  distribution. 
We  demonstrate  that  accurate  control  of  the  nanocrystal  shape  and  packing  density  can  be 
obtained  using  post-treatment  steps.  As  an  example,  we  show  two  types  of  Si 
nanocrystal  shape:  sphere-like  and  rectangular  (brick-shaped).  In  addition,  we  discuss  the 
electrical  properties  of  nc-Si  SLs  and  their  application  in  nanoelectronics. 
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II.  SAMPLE  PREPARATION  &  STRUCTURAL  CHARACTERIZATION 


The  magnetron  sputtering  of  the  a-Si/Si02  multilayers  was  performed  at  Rochester 
in  a  Perkin-Elmer  2400  sputtering  system  by  radio-frequency  (RF)  sputtering  and  plasma 
oxidation.  In  the  sputtered  samples,  the  a-Si  thickness  ranged  from  ~  20  to  250  A  and 
that  of  the  Si02  from  25  to  60  A.  The  number  of  periods  varied  from  1  to  60.  The 

crystallization  was  performed  by  rapid  (40-60  s)  thermal  annealing  (RTA)  at  800-900°C 
followed  by  furnace  annealing.  In  the  furnace  annealing  step,  the  temperature  was 
increased  by  ~  10°C  per  minute  from  600  to  1050°C.  This  annealing  is  defined  as  quasi¬ 
equilibrium  annealing  (QEA).  Several  post-treatment  steps  such  as  wet  (or  dry)  oxidation 
and  annealing  have  been  performed  in  order  to  test  the  nc-Si  SL  thermal  stability  and 
oxidation  resistance,  as  well  as  to  control  the  nanocrystal  size  and  shape:  these  tests 
include  a  combination  of  oxidation  at  moderate  temperature  (~  600-700  C)  and  high 
temperature  (~  1000°  C)  annealing. 

The  thermal  crystallization  of  a-Si/Si02  multilayers  is  controlled  by  several  factors. 
Silicon  has  a  very  low  diffusivity  in  Si02  and  the  initial  RTA  process  forms  nanocrystals 
without  distorting  the  SL  periodic  structure.  The  shape  of  the  Si  nanoclusters  is  expected 
to  be  close  to  spherical  due  to  the  competition  between  surface  and  volume  tension.  The 
strain  in  nc-Si/Si02  multilayers  can  be  released  by  QEA.  High-temperature  annealing  also 
results  in  a  decrease  of  the  Si/Si02  interface  defect  density  (see  Ref.  3  for  details). 

The  role  of  the  double-step  annealing  is  to  create  crystalline  nuclei  by  RTA 
(nucleation  stage)  and  to  complete  the  crystallization  of  the  Si  nanocrystals  and  improve 
their  surface  passivation  by  QEA  (growth  stage).  After  nucleation,  the  nanocrystalline 
nuclei  are  surrounded  by  an  amorphous  tissue  and  occupy  not  more  than  ~  20-30%  by 
volume  of  the  Si  layer  (estimated  from  Raman  scattering).  After  furnace  annealing  and 
completed  crystallization,  nearly  90-95%  of  the  Si  layer  volume  was  found  to  be 
crystallized  in  samples  with  Si  nanocrystals  greater  than  30  A  in  diameter. 

A  wide  variety  of  characterization  techniques  have  been  applied  to  study  the  nc-Si 
SLs.  X-ray  specular  reflectivity  measurements  were  carried  out  using  a  Philips  PW1820 
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vertical  goniometer  and  simulated  using  the  Philips  HRS  calculation  package.  The  Raman 
experiments  were  carried  out  at  room  temperature  in  a  quasi  backscattering  geometry 
using  a  Jobin-Yvon  triple  spectrometer  or  a  Spex  14018  double  spectrometer.  Low- 
frequency  Raman  scattering  was  also  measured  using  a  SOPRA  DMDP  2000  double 
monochromator  with  a  cooled  Hamamatsu  R928P  photomultiplier.  The  excitation  source 
was  300  mW  of  457.9  nm  Ar+  laser  light  with  an  angle  of  incidence  of  77. 7°.  The 
incident  light  was  polarized  in  the  scattering  plane,  while  the  scattered  light  was  collected 
without  polarization  analysis. 

Auger  elemental  microanalysis  was  performed  on  a  Physical  Electronics  Industries 
PHI  650  instrument  with  a  5  keV  electron  beam  30°  off  normal.  An  argon  ion  gun 
operating  at  1  keV  and  51°  off  normal  was  used  for  depth  profiling.  The  Si  LMM  and  O 
KLL  Auger  lines  at  96  eV  and  510  eV,  respectivly,  were  used  to  obtain  the  SL 
composition  profile. 

The  TEM  analysis  was  performed  on  a  Philips  EM  430  microscope  operated  at 
300  kV.  Samples  were  prepared  by  a  cleavage  method  [4]. 

Electrical  measurements  were  performed  at  temperatures  ranging  from  20  to  300  K 
in  a  closed-cycle  CTI-Cryogenic  system  using  a  Keithly  220  current  source  and  a  Keithly 
595  quasi-static  CV  meter.  High  frequency  C-V  measurements  were  obtained  using  a 
Bonton  72BD  1  MHz  capacitance  meter. 


Figure  1  shows  a  TEM  picture  of  a  crystallized  a-Si/SiOz  sample.  The  nc-Si/Si02 
layers  are  very  flat  with  an  average  roughness  less  than  3-4  A.  The  size  of  the  Si 
nanocrystals  within  the  layers  is  close  to  the  thickness  of  the  a-Si  layer  while  the  volume 
packing  density  is  controlled  by  the  thickness  of  the  Si02  layer.  A  quantitative  analysis  of 
the  nc-Si  size  distribution  is  difficult,  but  the  difference  between  crystallized  spheres  is 
not  greater  than  a  few  monolayers.  Figure  1(b)  shows  the  same  sample  at  higher 
magnification  and  depicts  individual  nanocrystals  of  nearly  perfect  spherical  shape.  The 
nanocrystal  size  is  around  40A  with  size  distribution  of  ~  2-3  %. 
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The  lateral  size  distribution  has  been  studied  by  a  Digital  Instruments  AFM  using 
commercial  software  for  crystallite  size  recognition:  in  all  cases,  the  grain  size  distribution 
was  found  to  be  narrow,  ~  5%  on  average  (Fig.  2).  Selected  area  electron  diffraction 
measurements  proved  that  the  material  is  nanocrystalline  rather  than  amorphous  (see  Fig. 
2). 


(b) 

Figure  1.  TEM  images  showing  (a)  an  example  of  a  nc-Si  SL  and  (b)  a  magnified 
picture  detailing  two  individual  Si  nanocrystals. 
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Raman  scattering  in  low-dimensional  systems  is  a  well  known  method  to  study  the 
phonon  dispersion  relationship  and  crystal  translational  symmetry.  In  addition, 
periodicity  and  interface  quality  in  the  layered  structure  can  be  studied  using  low-energy 
accoustic  phonon  scattering.  Figure  3  shows  Raman  scattering  data  in  nc-Si  SLs  with 
different  crystalite  sizes  and  compares  it  with  similar  measurements  in  crystalline  Si  (c- 
Si).  For  example,  a  peak  that  corresponds  to  first-order  (1-0)  optical  zone-center  phonon 
(OZCP)  scattering  in  samples  with  130  A  Si  nanocrystals  is  broader,  and  slightly  shifted 
toward  lower  wavenumber  compared  to  the  Raman  peak  in  c-Si  (Fig.  3(a)).  The 
nanocrystal  size  of  ~  130  A  is  too  large  to  provide  any  significant  effects  in  phonon 
dispersion  due  to  phonon  confinement  [5],  and  the  observed  differences  can  be  explained 
as  being  due  to  strain,  an  influence  of  the  nc-Si/Si02  interface  or  “bulk”  defects 
(including  grain  boundary,  dislocation,  etc.)  and  non-stoichiometric  SiO  (the  shoulder 
near  505  cm'1).  Figure  3(a)  shows  progressive  changes  in  the  10  OZCP  Raman 
scattering  during  high-temperature  (~  1000°C)  annealing:  the  Raman  peak  narrows,  shifts 
to  ~  519  cm'1,  and  the  shoulder  at  ~  505  cm'1  continuously  decreases.  Therefore,  we  can 
conclude  that  annealing  decreases  the  defect  density  and  improves  the  Si02  stoichiometry 
in  the  nc-Si  SLs. 


(a)  (b) 

Figure  2.  (a)  AFM  plan-view  of  the  surface  of  a  nc-Si  SL  showing  the  spherical 
shape  of  the  Si  nanocrystals,  which  are  nearly  the  same  size,  (b)  Selected  area  electron 
diffraction  pattern  proves  that  after  crystallization  the  material  is  crystalline,  not 
amorphous. 
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(a)  (b)  (c) 

Figure  3.  Raman  spectra  in  crystallized  SLs:  (a)  The  first-order  (1-0)  zone-center 
phonon  mode.  The  spectra  labeled  from  1  to  3  show  progressive  changes  due  to  20  min. 
annealing  steps  at  1050°C.  The  spectrum  of  c-Si  is  given  for  comparison,  (b)  Second 
order  optical  phonon  scattering  in  an  annealed  SL  (corresponds  to  spectrum  #3  in  Fig. 
3(a))  and  in  c-Si.  (c)  Second  order  TA  phonon  scattering  in  c-Si  and  SLs  with  different 
size  Si  nanocrystals. 

Additional  information  can  be  provided  by  the  second-order  Raman  scattering  in  nc- 
Si  SLs.  Generally  speaking,  the  second-order  Raman  scattering  is  more  sensitive  to 
stress  and  crystallographic  imperfections  then  the  first-order  Raman  scattering.  Such  high 
sensitivity  of  the  second-order  Raman  scattering  is  due  to  a  contribution  to  the  scattering 
process  from  phonons  propagating  in  different  directions  within  Brillouin  zone.  Figure 
3(b)  shows  that  even  after  annealing  at  ~  1000°C  the  second-order  Raman  scattering  in  Si 
nanocrystals  of  ~  130  A  diameter  is  very  different  compared  to  c-Si:  the  intensity  of 
scattering  is  larger,  the  peak  is  shifted  toward  lower  wavenumbers,  and  the  spectrum  is 
broader.  Figure  3(b)  shows  a  spectrum  with  contributions  from  the  second-order  OZCP 

or  2-0  (O  at  1040  cm'1,  2TO  (L)  at  991  cm'1,  2TO  (W)  at  947  cm'1  and  2TO  (X)  at  930 
cm'1  [6].  The  observed  enhancement  of  the  second-order  Raman  scattering  intensity  can 
also  be  explained  in  part  by  broken  or  reduced  translational  symmetry. 

Raman  scattering  near  150  and  300  cm'1  (second-order)  in  c-Si  has  been  explained 
as  phonon  scattering  from  acoustic  phonons  at  wavevectors  away  from  the  zone  center 
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[6],  and  the  overtone  at  302  cm'1  is  associated  with  the  2TA  (X)  phonon.  This  feature  is 
relatively  sharp  in  c-Si.  It  increases  in  intensity,  but  changes  shape  in  the  nc-Si  SL  with  ~ 
130  A  Si  nanocrystals,  and  becomes  much  broader  in  samples  with  40  A  Si  nanocrystals 
(Fig.  3  (c)).  This  weak  scattering  in  c-Si  is  also  enhanced  when  the  translational 
symmetry  is  disrupted.  However,  in  all  our  Raman  measurements,  a  pure  a-Si  phase  with 
a  peak  at  480-490  cm'1  was  clearly  absent.  Thus,  our  Raman  data  is  consistent  with 
selected  area  electron  diffraction  and  X-ray  diffraction  data  (not  shown):  the  treated 
material  is  not  amorphous,  but  crystalline,  with  more  or  less  random  crystallographic 
orientation  of  the  Si  crystallites.  This  conclusion  is  important  because  a-Si  is  a  highly 
defective  material  and  these  defects  can  strongly  affect  the  performance  of  a  nanoscale 
device. 

Also,  our  Raman  data  clearly  shows  that  the  structural  properties  of  nc-Si  SLs  can 
be  improved  by  high  temperature  annealing.  This  post-treatment  step,  however,  can  be 
dangerous  for  our  layered  structure:  diffusion  at  high  temperature  can  be  efficient  and  an 
abrupt  nc-Si/Si02  profile  can  be  damaged.  To  address  this  question  we  have  performed 
series  of  post-treatment  experiments  such  as  annealing  and  oxidation  at  different 
temperatures.  Samples  subjected  to  anealing  have  been  investigated  by  TEM.  These 
measurements  have  demonstrated  that  the  nc-Si  SL  structure  retains  its  layered  structure 
with  sharp  nc-Si/Si02  interfaces.  At  the  same  time,  the  shape  of  the  Si  nanocrystals  is 
found  to  be  changed. 


(a)  (b) 

Figure  4.  (a)  TEM  image  of  the  nc-Si  SL  after  a  combination  of  steam  oxidation 
(~  10  min  at  ~  900°C)  and  annealing  at  1050°C.  (b)  TEM  image  of  an  individual 
nanocrystal,  which  is  believed  to  be  made  from  the  merging  of  three  nanocrystals.  The 
brick-like  shape  is  clearly  observed. 
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Figure  5.  Low-frequency  Raman  scattering  in  nc-Si  SLs:  (a)  SLs  with  different 
Si  nanocrystal  sizes  and  (b)  Raman  spectra  in  a  nc-Si  SL  before  and  after  steam  oxidation 
(750°C)  and  annealing  at  -  1050°C  post-treatment  steps. 

Figure  4  shows  that  after  annealing  in  combination  with  a  short  oxidation  time,  the 
Si  nanocrystals  are  not  spherical  but  rather  rectangular,  or  brickshaped.  At  the  same  time 
the  nc-Si/Si02  interface  remains  at  least  the  same  as  before  the  annealing.  The  avarage 
size  of  the  “bricks”  is  found  to  be  nearly  the  same.  Thus,  the  nanocrystal  merging  and 
lateral  self-organization  is  possibly  controlled  by  the  thermal  budget  (e.g.,  annealing  time 
and  temperature). 

The  TEM  analysis  is  a  very  useful  method  to  study  individual  nanocrystals. 
However,  it  is  difficult  to  do  any  statistics  or  to  provide  a  quantitative  picture  in  a  length 
scale  of  1010  -  10'6  m  and  investigate  the  nc-Si  SL  local-,  medium-  and  long-range 
organization.  Therefore,  a  TEM  study  must  be  combined  with  several  other  analytical 
techniques  such  as  Auger  elemental  microanalysis,  small-angle  X-ray  reflection,  and 
Raman  spectroscopy  of  folded  acoustic  phonon  modes. 

A  quantization  effect  of  the  phonon  vibrations  could  be  observed  in  the  case  when 
the  phonon  coherence  length  is  larger  than  the  nc-Si  layer  thickness.  Low  frequency 
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accoustic  modes  fulfill  this  condition  because  they  are  an  in-phase  motion  of  a  large 
number  of  atoms  and  are  not  strongly  influenced  by  the  disruption  of  the  translational 
symmetry.  Low  frequency  accoustic  modes  reflect  the  average  bulk  elastic  properties  of 
the  materials  and  can  be  very  useful  to  help  estimate  the  periodicity  and  the  interface 
roughness  in  a  multilayer  structure. 


Figure  5a  shows  low  frequency  Raman  scattering  in  nc-Si  SLs  having  different 
nanocrystal  layer  thicknesses.  A  first  approximation  to  the  accoustic  phonon  dispersion  in 


a  bulk  material  is  CO  (k )  — 

m 


V  Ji  and  is  modified  in  the  case  of  a  multilayer 


structure  to  COm(k)  —  Vs\k  +  27tffl/L\,  where  V s  is  the  sound  velocity  in 
SLs,  kis  the  phonon  wave  vector,  Ttl  —  0y  i  1,  i  2...  is  Brillouin  zone  folding 
index,  and  L  is  the  multilayer  spacing,  or  period.  The  periodicity  of  the  multilayers 
introduces  an  artificial  Brillouin  zone  boundary  at  71  / L  along  the  growth  direction  and 
the  folding  of  the  phonon  dispersion.  In  Raman  backscattering  experiments,  the  choice  of 

the  excitation  wavelength  A  =  4jtn/kp  ,  where  fl  is  the  SLs  average  refractive 

index  and  kp the  photon  wavevector,  provides  the  possibility  to  probe  near  the  center  or 
near  the  boundary  of  the  artificial  Brillouin  zone.  In  our  samples,  the  first  pair  of  the 

folded  acoustic  phonon  mode  with  TH  =  H  is  observed,  and  the  mode  frequencies  are 
in  a  good  agreement  with  theory  (our  calculations  are  based  on  Ref.  [7]  and  will  be 
discussed  elsewhere  [8].)  More  importantly,  the  post  treatment  steps  such  as  steam 
oxidation  at  750°C  following  annealing  at  1050°C  do  not  change  the  folded  mode  spectra 
(Fig.  5(b)).  The  small  peak  frequency  shift  of  -  0.5  cm*1  is  not  a  systematic  one,  and  is 
due  to  a  small  lateral  non-uniformity  in  the  multilayer  thickness  across  the  wafer  arising 
from  the  growth  conditions.  A  simple  calculation  shows  that  folded  acoustic  phonon 
modes  will  disappear  from  Raman  spectrum  in  the  case  of  an  average  interface 
rougthness  larger  than  ~  3A  [7]. 


We  would  like  to  emphasize  that  nc-Si  SLs  represent  a  new  class  of  layered 
structures  with  a  unique  thermal  stability.  Our  result  from  the  folded  accoustic  mode 
spectroscopy  study  is  supported  by  TEM,  Auger  elemental  microanalyses,  and  small- 
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angle  X-ray  reflection  (Fig.  6).  In  all  measurements,  damage  of  the  multilayer  structure 
from  annealing  has  not  been  indicated.  Indeed,  the  simulation  of  the  X-ray  reflection  data 
(Fig.  6(b))  shows  that  the  nc-Si/Si02  interface  in  nc-Si  SLs  even  improves  after 
annealing  at  ~  1000°C. 


50  10 

Time,  seconds 


Figure  6.  (a)  Auger  elemental  microanalysis  showing  no  diffusion  or  layered 
structure  disruption  after  -  I050°C  annealing,  (b)  Small-angle  X-ray  reflection  data 
confirming  no  damage  in  the  layered  structure  after  crystallization  and  annealing. 

III.  ELECTRICAL  CHARACTERIZATION 

Structural  characterization  of  the  nc-Si  SLs  shows  that  we  are  able  to  fabricate  a 
good  quality,  thermally-stable  layered  structure  consisting  of  nc-Si  and  Si02  layers. 
However,  similar  structures  can  be  used  in  a  device  applications  only  in  the  case  of 
defect-free  material.  The  defects,  located  within  Si  nanocrystals  or  at  their  surface  can 
play  a  critical  role  in  carrier  transport  and  significantly  affect  electron  coherence,  which  is 
an  important  condition  for  nanoscale  devices  and  quantum  electronics.  Thus,  the 
electronic  properties  of  nc-Si  SLs  is  another  very  important  issue  and  will  now  be 
discussed. 

The  quality  of  the  nc-Si/Si02  interface  can  be  tested  using  tunneling  spectroscopy 
in,  for  example,  an  Esaki  diode  or  a  double-barrier  structure.  There  are  several 
quantitative  characteristics  of  the  carrier  tunneling  in  such  structures  (excess  current, 
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peak-to-valley  ratio,  etc.).  In  the  case  of  Si  or  other  indirect  bandgap  semiconductors,  a 
qualitative  test  could  be  performed.  In  an  indirect  bandgap  semiconductor,  tunneling 
across  the  gap  (interband  tunneling)  requires  phonon  assistance  to  provide  momentum 
conservation.  Thus,  the  tunnel  structure  should  contain  a  p-type  substrate  and  an  n-type 
top  contact  separated  by  a  thin  layer  of  an  insulator.  The  signature  of  phonon  assistance 
can  be  traced  only  in  the  case  of  a  very  low  interface  defect  density.  Otherwise,  carrier 
inelastic  scattering  due  to  interaction  with  interface  defects  will  change  the  carrier 
momentum  and  phonon  assistance  will  not  be  necessary. 

A  tunnel  junction  with  a  single  nc-Si  layer  of  ~  130  A  Si  nanocrystal  diameter  was 
fabricated.  Figure  7  shows  the  current-voltage  (I-V)  data  exhibiting  very  clear  steps  with 
a  spacing  of  ~  60  meV,  which  is  close  to  that  of  the  most  energetic  TO-phonon  in  Si  (~ 
57  meV).  Thus,  a  130  A  Si  nanocrystal  is  too  large  to  change  the  electronic  structure  of 
the  material  due  to  quantum  confinement,  but  the  well  demonstrated  phonon-assisted 
tunneling  clearly  indicates  a  very  low  density  of  interface  defects. 


Figure  7.  A  signature  of  phonon-assisted  tunneling  at  temperature  of  20  K  in  a 
single  nc-Si  layer  of  ~  130  A  Si  nanocrystals  sandwiched  between  a  p+  c-Si  substrate  and 
an  n-type  top  contact. 
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An  other  technique  that  may  be  used  to  estimate  the  defect  density  in  Si/Si02 
structures  is  capacitance-voltage  (C-V)  measurements.  A  nc-Si  SL  can  be  deposited  on 
thermally  grown  Si02  on  Si,  so  that  Si  nanocrystals  are  imbedded  in  an  isolated  gate,  and 
C-V  measurements  can  be  appropriate.  Assuming  that  the  applied  voltage  will  partially 
appear  across  the  thermally  grown  Si02  of  ~200  A  thickness,  the  nc-Si  SL  structure,  and 

the  Si  substrate,  the  total  potential  is  V  =  ^Si02  +  V nc-SiSL  +  Ysi‘  total  system 
capacitance  (per  unit  area)  is  a  combination  of  the  Si02  capacitance 

CSio2  ”  £Si02  f  d,  the  capacitance  of  the  nc-SiSL  Cnc_SiSL  =  £ncSi  /dSL,  and 

the  c-Si  depletion  layer  capacitance  CSi  .  The  total  capacitance  is 

,  so  the  smallest  capacitance  (or  thickest  layer)  contribution  will  be 
i 

dominant.  In  the  case  of  n-type  Si  with  the  a  resistivity  of  ~  5  £i  cm,  a  maximum 
depletion  length  of  ~  3000-5000  A  is  expected  [9],  and  that  is  an  order  of  magnitude 
larger  than  the  total  thickness  of  the  thermally-grown  Si02 
(~  200 A)  and  nc-Si  SL  layers  (~  150  A).  Thus,  our  structure  is  suitable  for  such 
measurements. 

Figure  8(a)  shows  relatively  sharp  room-temperature  high-frequency  (1MHz)  C-V 
characteristics  of  the  nc-Si  SL  and  the  C-V  data  in  a  similar  structure  with  a  uniform  Si02 
layer  grown  by  magnetron  sputtering  following  high-temperature  annealing.  The 
capacitance  modulation  by  reverse  bias  is  due  to  a  stretching  of  the  Si  depletion  layer,  and 
the  presence  of  defects  can  be  found  by  comparison  with  the  calculated  C-V  curve  for  an 
ideal  MOS  structure  (see  Ref.  9  for  detals).  The  result  of  our  simulation  is  a  defect 
density  of  -  10uciri2  for  the  structure  containing  an  eigth  period  nc-Si  SL  and  a  slightly 
higher  number  for  the  structure  with  a  uniform  Si02  layer.  This  means  that  the  majority 
of  the  defects  are  in  the  “bulk”  of  Si02.  Also,  for  a  surface  density  of  the  Si  nanocrystals 
higher  than  1012  cm'2,  only  one  Si  nanocrystal  per  100  or  1,  000  is  defective! 

Figure  8(a)  shows  a  hysteresis  (or  a  memory  effect)  in  the  C-V  curve  with  a  width 
equal  to  the  charge  Q  =  CV  ~  fie,  where  e  is  electron  charge  and  1i  is  a 
number  that  is  always  surprisingly  close  to  the  calculated  number  of  the  Si  nanocrystals 


Electrochemical  Society  Proceedings  Volume  98-19 


88 


in  the  sample.  The  experiments  on  sample  discharging  have  been  performed  and  clearly 
demonstrated  that  the  “memory”  effect  depends  on  the  Si  nanocrystal  sizes  (Fig.  8(b)).  In 
addition,  the  discharging  kinetics  trigger  interesting  speculations. 

The  question  is:  What  is  the  nature  of  charge  relaxation  in  the  nc-Si  SL?  After 
carriers  have  been  injected  and  localized,  presumably  charging  Si  nanocrystals,  carriers 
should  eventually  recombine  or  escape.  Recombination  requires  carriers  of  opposite 
charge  (e.g.,  holes  in  the  case  of  electron  injection).  A  sequence  of  charge-transfer  steps 
from  one  localized  site  to  another  in  the  presence  of  an  applied  electric  field  (external  or 
built-in)  is  a  possible  charge  relaxation  scenario.  This  process  is  qualitatively  different  in 
the  case  of  nearly  monoenergetic  localized  states  than  in  the  case  of  a  disordered  structure 
with  a  broad  energy-level  distribution.  Due  to  the  disorder  (including  defects,  nanocrystal 
size  and  shape  distribution,  etc.)  the  transfer  time  can  be  a  random  variable,  characterized 

by  the  probability  lj/(t  )dt .  The  time  for  an  individual  transfer  is  in  the  range  t  to 

t  ~h  dt.  The  accumulative  sequence  of  these  events  in  the  motion  of  a  charge  carrier  has 
been  described  as  a  “random  walk”  and  the  associated  carrier  transport  has  been  named 
“dispersive  transport”  (see  Ref.  10  for  details). 


For  a  probability  distribution  lj/(t)  with  a  “tail”  given  by  y/(t)  ~  t  the 

mean  position  of  the  spatially  biased  time-evolving  packet  varies  as  l(t)  00  t  with 
0  <  (5  <  1.  The  average  packet  velocity  then  is  dl(t)  / dt  ~  t  ^  ^ .  When  a 
reasonable  fraction  of  the  carriers  (~  10%)  reach  the  electrode  at  t  —  tr,  the  current 

begins  to  decrease  at  a  faster  rate  which  is  given  by  ~  t  for  t  >  tr  . 

Therefore,  a  double  logarithmic  plot  of  current  or  charge  relaxation  is  simply  two  lines 
with  slopes  of —( 1  ~~  ft)  and  —( 1  j3)  separated  by  a  narrow  transition  region. 

The  sum  of  the  slopes  is  -2;  it  is  independent  of  the  index  p  that  defines  the  algebraic 
probability  distribution.  In  the  case  of  charging  of  the  Si  nanocrystals  due  to  Coulomb 
blockade,  p  could  be  assosiated  with  the  Si  nanocrystal  size  distribution. 
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The  discharging  kinetics  in  the  nc-Si  Si  are  very  different  from  the  expected 
dispersive  type  of  carrier  transport.  The  initial  part  (t  <  tf  )  is  flat,  which  gives 

P  ~  0.  Also,  the  second  part  of  the  kinetics  with  t  >  tr  is  very  sharp,  and  this  leads 
us  to  conclude  that  the  charge  relaxation  mechanism  in  the  nc-Si  SL  is  not  a  random 
walk,  and  that  carrier  transport  is  not  dispersive  transport.  This  conclusion  is  important, 
because  dispersive  transport  is  a  signature  of  a  disorder  (Ref.  10),  or  in  the  case  of 
Coulomb  blockade  is  associated  with  a  very  broad  crystallite  size  distribution.  Recent 
measurements  of  drift  mobility  in  porous  silicon  reveal  dispersive  transport  and  a  carrier 
mobility  of  1  O'4  -  10*!  cm2/Vs  [11].  Currently,  we  have  a  strong  evidence  that  porous 
silicon  is  a  disordered  (not  an  amorphous)  material  with  a  very  broad  Si  nanocrystal  size 
distribution  (See  Ref.  12). 


Figure  8.  (a)  C-V  characteristics  showing  a  hysteresis  at  room  temperature  in  a 
structure  with  nc-Si  layers  imbedded  in  the  isolated  gate.  No  hysteresis  is  observed  in  a 
test  structure  with  a  uniform  Si02  layer,  (b)  Room  temperature  charge  relaxation 
measured  by  capacitance  recovery.  The  C(t)  kinetics  indicate  a  non-dispersive  earner 
transport  and  a  significant  retention  time  dependence  as  a  function  of  the  Si  nanocrystal 
size. 
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For  comparison,  we  now  estimate  drift  mobility  in  the  nc-Si  SL.  The  definition  of 
drift  mobility  is  [ld  =  d/(trE),  where  d  is  the  sample  thickness,  and  the  built-in 
electric  field  is  in  order  of  E  ~  104  V/cm.  The  transition  time  at  room  temperature  varies 
from  200  s  in  a  sample  with  50  A  Si  nanocrystals  to  >  2000  s  in  sample  with  30  A  Si 
nanocrystals  (Fig.  7).  This  means  that  the  drift  mobility  at  room  temperature  is  in  the 
range  of  10‘12-10'14  cm2/Vs.  It  is  approximately  15  -  17  orders  of  magnitude  lower 
then  the  drift  mobility  in  c-Si  (~  1000  cm2/Vsec)  and  10  orders  of  magnitude  lower 
than  the  carrier  mobility  in  porous  silicon! 

IV.  CONCLUSION 

In  conclusion,  we  list  several  important  results  from  this  study: 

(a)  Nanocrystalline  silicon  superlattices  can  be  reproducibly  fabricated  using  nearly 
standard  microelectronic  fabrication  steps. 

(b)  The  nc-Si/Si02  SL  exhibits  an  excellent  interface  roughness  (<  4  A),  which  has 
been  established  by  a  number  of  characterization  techniques  including  small  angle  X-ray 
reflection  and  low-frequency  Raman  scattering. 

(c)  The  structure  demonstrates  extraordinary  thermal  stability;  it  can  survive  heat 
treatment  at  >  1000°C  when  most  of  the  structural  (“bulk”  and  interface)  defects  are 
annealed. 

(d)  The  size  of  the  Si  nanocrystal  in  the  nc-Si  SL  is  controlled  by  the  original  a-Si 
layer  thickness,  and  the  shape  of  the  Si  nanocrystal  can  be  changed  using  post¬ 
treatments.  Ordering  and  a  transition  from  a  spherical  nanocrystal  to  rectangular  or 
“brick”-shaped  objects  is  demonstrated. 

(e) .  The  perfect  structure  of  the  nc-Si/Si02  interface  is  accompanied  by  a  very  low 
interface  defect  density,  or  in  other  words,  Si  nanocrystal  surface  defect  density  .  The 
number  of  defected  nanocrystals  is  estimated  to  be  from  one  per  100  to  one  per  1,000. 
This  low  density  is  verified  by  a  number  of  electrical  measurements. 
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(f).  A  very  unusual  carrier  transport  mechanism  is  indicated  from  charge-relaxation 
measurements  and  a  memory  effect  in  nc-Si  SLs.  The  estimated  earner  mobility  is  10 
1014  cmVVs,  which  is  15  - 17  orders  of  magnitudes  lower  then  the  drift  mobility  in  c- 
Si  and  10  orders  of  magnitude  lower  than  the  carrier  mobility  in  porous  silicon.  Carrier 
transport  is  not  dispersive  and  exhibits  a  size  dependence. 
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ABSTRACT 

A  detailed  investigation  of  thermal  crystallization  of  amorphous  Si/Si02  superlattices  is 
presented.  A  one-step  conventional  furnace  annealing  and  a  two-  step  annealing  process 
combining  rapid  thermal  annealing  and  furnace  annealing  are  studied  by  transmission 
electron  microscopy  (TEM)  and  X-ray  diffraction.  The  increase  of  the  crystallization 
temperature  for  sublayer  thickness  below  10  nm  is  demonstrated.  The  dependence  of  the 
nanocrystal  size  and  the  size  asymmetry  is  monitored  as  a  function  of  the  sublayer 
thickness.  Growth  faults  are  shown  with  high  resolution  electron  microscopy  (HRTEM) 
in  nanocrystals  of  sizes  larger  than  7  nm.  The  influence  of  growth  fault  on  the  Scherrer 
size  is  discussed. 


INTRODUCTION 

Nanocrystalline  silicon  (nc-Si)  has  been  the  subject  of  an  increasing  number  of 
papers  due  to  its  potential  application  in  novel  optoelectronic  devices  based  on  Si. 
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Different  preparation  techniques  are  reported  including  anodic  etching  [1],  ion 
implantation  [2],  chemical  vapor  deposition  [3]  and  molecular  beam  epitaxy  [4].  The 
preparation  normally  results  in  a  broad  distribution  of  nanocrystal  sizes.  Some  processes 
like  ion  irradiation  induce  defects  in  the  SiC>2  films  which  quenche  the  luminescence. 
Methods  are  desirable  for  a  fabrication  of  ordered  arranged  nanocrystals  with  selected 
sizes. 

The  first  evidence  for  self  organization  of  Si  nanocrystals  in  a  Si/SiC>2  structure 
has  been  reported  previously  [3].  Such  structures  could  be  very  attractive  due  to  the  low 
cost  in  production  and  the  compatibility  with  standard  integration  technology. 
Decreasing  the  a-Si  layer  thickness  increases  the  crystallization  temperature  and  the 
inhomogeneous  strain  [5].  The  understanding  of  thermally  induced  Si  self-organization 
requires  an  extended  investigation  of  relaxation,  diffusion  and  crystallization  of 
nanometer-size  Si  sublayers  separated  by  oxide  interfaces.  It  is  reported  based  on  TEM 
and  Raman  studies  that  both  the  nucleation  rate  and  the  crystal  growth  rate  drastically 
decrease  for  sublayer  thickness  below  10  nm  [6]. 

In  this  paper,  we  focus  on  key  aspects  of  the  thermal  crystallization  of 
amorphous  Si/SiC>2  superlattices.  The  effect  of  a  two-step  annealing  process  (rapid 
thermal  annealing  at  950°C  (2xlmin)  and  conventional  furnace  annealing  at  1050°C) 
has  been  compared  to  that  of  a  single-step  furnace  annealing  process  at  different 
temperatures  (700-1050°C).  The  crystallization  procedures  are  studied  in  a  wide 
thickness  range.  The  interface  roughness,  size,  shape  and  growth  fault  of  the  Si 
nanocrystals  are  analyzed.  Our  studies  have  been  performed  using  x-ray  reflection,  x- 
ray  diffraction,  TEM,  and  HRTEM. 

EXPERIMENTAL  DETAILS 

Amorphous  Si/Si02  superlattices  are  deposited  on  Si  wafers  by  alternating  rf 
sputtering  and  plasma  oxidation  in  a  conventional  Perkin-Elmer  2400  RF  sputterer.  The 
use  of  the  substrate  rotation  improves  the  homogeneity  of  the  superlattice.  The 
crystallization  is  performed  as  a  one-step  or  a  two-step  process.  The  one-step  process  is 
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based  on  normal  furnace  annealing  under  Ar  atmosphere  at  different  temperatures  (700- 
1050°C,  AT  =  50K).  Every  sample  is  annealed  at  the  desired  temperature  in  a  one  step 
conventional  furnace  process.  The  two-step  procedure  is  a  combination  of  rapid  thermal 
annealing  (RTA)  at  950°C  (2xlmin)  and  furnace  annealing  (for  details  see  [7]).  The 
RTA  forms  nanosized  nuclei  within  the  Si  sublayer.  The  following  furnace  annealing 
completes  the  crystallization,  releases  the  strain,  and  decreases  the  interface  defect 
density.  During  it,  the  temperature  is  raised  from  800  to  1050°C  with  a  slow  ramp  of 
only  lOK/min.  All  these  steps  are  frequently  used  in  conventional  microelectronic 
technology. 

The  superlattice  structure,  the  interface  quality,  the  size  of  the  nanocrystals  and 
the  growth  fault  are  studied  with  transmission  electron  microscopy  (TEM)  and  high 
resolution  transmission  electron  microscopy  (HRTEM)  using  a  Philip  CM  200  system 
with  200kV.  The  results  are  compared  with  x-ray  diffraction  and  x-ray  reflectivity 
investigations.  For  wide  angle  scattering  we  use  a  thin  film  attachment  on  a  URD6 
(Seifert/FPM)  goniometer  with  Cu/K«  radiation  and  1°  degree  constant  angle  of 
incidence.  The  specular  reflectivity  of  the  thin  film  system  is  measured  with  a 
symmetric  slit  system  (resolution  0.04°,  Co/Ka).  Further  details  can  be  found  in  [7]. 


sputter  time  (s) 


Fig.  I :  Si  layer  thickness  as  a  function  of  sputtering  time. 
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RESULTS  AND  DISCUSSION 

As  expected  we  found  a  nearly  linear  dependence  between  the  layer  thickness 
and  the  sputtering  time  (Fig.  1).  The  thickness  is  calculated  from  x-ray  reflection  and 
compared  with  the  TEM  results  of  selected  films.  The  average  interface  roughness  after 
crystallization  is  less  than  10 A,  as  estimated  from  x-ray  reflection.  The  high  quality  of 
the  films  is  shown  by  TEM  (Fig.  2).  The  TEM  image  shows  40  periods  of  a  Si/SiC>2 
(3.2/3.5nm)  superlattice  after  the  crystallization.  The  dark  and  bright  stripes  represent 
the  element  and  density  contrast  of  the  Si  and  SiC>2  layers,  respectively. 


Fig.  2:  TEM  image  of  nc-  Si/SiC>2  (3.2/3.5  nm)  superlattices  with  40  periods.  The  film  is 
crystallized  using  conventional  furnace  annealing  at  1000°C. 

The  two-step  crystallization  process  is  monitored  by  x-ray  diffraction  as  shown 
in  Fig.  3a  for  a  film  containing  thick  (19  nm)  Si  layers.  It  shows  the  amorphous  (curve 
a)  and  nanocrystalline  (curves  b,  c)  state  of  the  superlattice  film.  Small  nc-Si  nuclei  of 
an  average  size  of  8  nm  can  be  found  (curve  b)  after  rapid  thermal  annealing.  Further 
conventional  annealing  completes  the  crystallization  and  releases  part  of  the  strain 
caused  from  the  RTA  process  (curve  c).  Using  the  Scherrer  analysis  we  estimate  the 
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average  crystallite  size  to  be  13.8  nm  which  is  close  to  the  thickness  of  the  film  (17  nm, 
TEM). 

The  increase  in  crystallization  temperature  for  very  thin  Si  sublayers  is 
demonstrated  in  Fig.  3b  for  the  one  step  annealing  process.  The  Si  layer  thickness  in  this 
structure  is  3.2  nm.  A  Scherrer  size  of  4  nm  is  found  after  crystallization  which  is  in 
agreement  with  the  initial  Si  layer  thickness,  within  the  accuracy  of  the  measurements. 
The  nucleation  does  not  start  until  900°C  and  is  finished  at  950°C.  This  clearly 
demonstrates  the  increase  of  the  crystallization  temperature  for  thin  a-Si  layers.  It  is 
reported  that  bulk  a-Si  crystallize  rapidly  at  700°C  [6].  Decreasing  the  layer  thickness 
below  10  nm  exponentially  increases  the  crystallization  temperature.  An  empirical 
model  with  takes  into  account  the  Si  layer  thickness,  the  bulk  crystallization 
temperature,  and  a  material  specific  constant  has  been  developed  [5]. 


scattering  angle  (degree)  scattering  angle  (degree) 

Fig.  3a:  X-ray  diffraction  of  a  structure  Fig.  3b:  X-ray  diffraction  from  a 
with  thick  (19  nm)  Si  layers,  (a)  as-  structure  with  a  thin  (3.2  nm)  Si  layer 

prepared,  (b)  after  RTA,  (c)  after  RTA  &  following  the  one-step  furnace  annealing 

furnace  annealing.  at  varied  temperature. 
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Using  a  temperature  above  the  crystallization  temperature  did  not  change  the 
size  significantly  as  demonstrated  in  Fig.  4.  The  Scherrer  size  is  shown  as  a  function  of 
the  annealing  temperature.  However,  a  significant  deviation  between  the  Scherrer  size 
and  the  Si  layer  thickness  is  found  in  the  limit  of  thick  layers.  The  asymmetry  of  the 
nanocrystals  can  be  analyzed  using  a  constant  angle  of  grazing  incident  (1°)  and  the 
angle  dependence  of  the  Scherrer  size  by  using  different  Bragg  lines.  A  significant  size 
asymmetry  is  found  between  the  sizes  in  plane  or  perpendicular  to  the  growth  direction. 
The  analysis  presented  in  Fig.  4  is  done  for  the  one  step  annealing.  Two  trends  are 
found.  First,  films  with  a  Si  layer  thickness  above  7-8  nm  did  not  show  a  significant  size 
asymmetry.  However,  the  Scherrer  size  does  not  significantly  exceed  7  nm,  which  is  far 
below  the  Si  thickness.  Second,  films  with  a  Si  layer  thickness  below  7  nm  did  show  an 
agreement  among  the  average  size  of  the  nanocrystals,  the  in-plane  size  and  the  Si  layer 
thickness.  But  the  size  perpendicular  to  the  layers  is  2  nm  below  the  in-plane  size.  This 
can  be  interpreted  as  the  influence  of  the  oxide  interface.  Evidence  for  a  retarded 
crystallization  near  the  SiC>2  interface  was  first  reported  in  [8]. 


size  In  plane  with  sublayer-  full  symbols 
size  perpendicular  to  sublayer-  open  symbols 


Fig.  4:  Scherrer  size  as  a  function  of  annealing  temperature.  A  significant  size 
asymmetry  is  found  for  the  size  in  plane  or  perpendicular  to  the  growth  direction . 
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Fig.  5:  Asymmetry  in  Scherrer  size  analyzed  for  the  two  step  procedure. 


Si  thickness  (nm) 


Fig.  6:  Comparison  of  the  average  Scherrer  size  of  the  two  crystallization  procedures  as 
a  function  of  Si  layer  thickness. 
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Similar  trends  in  size  asymmetry  can  be  found  for  the  two  step  process  (Fig.  5). 
The  size  in  the  growth  direction  deviates  by  nearly  2  nm  from  the  average  size  and  the 
in-plane  size  for  layers  below  7  nm.  However,  a  clear  trend  to  larger  average  and  in¬ 
plane  sizes  compared  to  the  one-step  process  can  be  found,  more  consistent  with  the 
layer  thickness.  Fig.  6  demonstrates  significant  deviation  between  the  Scherrer  size  and 
layer  thickness  for  both  annealing  procedures.  It  also  show  that  this  discrepancy  can  be 
decreased  by  using  the  two-step  process. 


Fig.  7:  HRTEM  showing  the  crystallized  Si/SiC>2  superlattice  with  an  average 
nanocrystal  size  of  3.6  nm.  Only  crystals  having  the  right  orientation  can  be  seen. 

The  following  discussion  is  focused  on  the  origin  of  this  discrepancy  which 
seems  to  be  in  disagreement  with  previous  reports  [6].  The  HRTEM  image  of  a  film 
with  very  thin  Si  layers  (Fig.  7)  and  the  TEM  image  of  a  film  with  thick  Si  layers  (Fig. 
8)  clearly  demonstrate  the  complete  crystallization  of  the  Si  layers.  Nanocrystals  extend 
over  the  whole  layer.  As  can  be  seen  in  Fig.  8,  large  holes  also  extending  over  the  whole 
layer  thickness  are  found  after  the  crystallization  process  in  case  of  thick  layers.  Such 
holes  can  not  be  found  in  the  as-  prepared  film  and  for  Si  layer  thickness  below  10  nm. 
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On  the  other  hand,  prefect  nanocrystals  with  a  rectangle  shape  are  found  as  direct 
neighbor  of  such  holes  (HRTEM,  Fig.  9). 


Variations  in  electron  diffraction  and  contrast  are  used  to  check  that  these  regions  are 
really  holes  and  not  nanocrystals  having  a  different  orientation.  With  such  technique  we 
estimated  that  the  depth  extension  of  such  holes  is  in  the  range  of  the  Si  layer  thickness, 
too.  These  holes  are  detected  for  both  the  conventional  furnace  process  and  the  two  step 
procedure. 


Fig.  10:  HRTEM  demonstrates  growth  faulting  in  large  crystals  grown  in  thick 
(17nm)  layers.  Dislocations  and  twinning  borders  can  be  seen. 


Raman  investigations  as  shown  in  [6]  do  not  monitor  details  such  as  growth 
faults.  Fig.  10  demonstrates  a  large  imperfect  nanocrystal  extending  over  the  whole 
layer.  During  the  crystal  growth  the  formation  of  twin  borders  is  related  to  the  energy 
relaxation.  Obviously,  a  large  numbers  of  such  growth  faults  can  be  found  in  large 
nanocrystals.  While  the  undisturbed  range  in-plane  with  the  layer  is  larger,  more  twin 
borders  can  be  found  in  the  perpendicular  direction.  Such  twins  disturb  the  coherence  of 
the  x-ray  scattering.  As  a  consequence,  the  Scherrer  size  does  not  monitor  the  size  of  the 
entire  nanocrystal  but  the  distance  between  the  twin  borders  which  explain  the 
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difference  between  the  sizes  obtained  with  x-ray  diffraction  and  TEM  results.  However, 
such  crystallographic  imperfections  have  not  been  found  in  small  nanocrystals.  In  this 
case,  a  good  agreement  between  the  Scherrer  size  and  the  Si  layer  thickness  is  found. 

We  expect  an  influence  of  surface  tension  (related  to  the  stable  Si02  interface), 
nucleation  density  and  Si  diffusion  directed  to  the  nc-Si  nuclei  during  the  thermal 
growth  of  the  crystals.  Let  assume  that  the  crystals  are  grown  very  rapidly  from  SiC>2 
interface  to  SiC>2  interface.  These  crystals  operate  like  timbers  in  a  tunnel  and  prevent  a 
large  shrinkage  of  the  superlattice  layers.  Further  annealing  can  only  increase  the  lateral 
size  of  the  crystals  by  diffusion  of  Si  atoms  from  the  remaining  amorphous  Si  parts  to 
the  crystals.  The  diffusion  process  dilutes  the  remaining  amorphous  region  in  the  lateral 
direction.  On  the  other  hand,  the  crystal  is  slowly  growing  in  lateral  direction  under  the 
influence  of  the  diffusion.  As  a  consequence  large  undisturbed  regions  with  a  nearly 
perfect  crystal  structure  are  found  in  the  lateral  direction  of  the  crystals,  in  agreement 
with  our  results. 

CONCLUSION 

In  this  paper,  the  results  of  a  detailed  investigation  of  the  crystallization  of 
Si/Si02  superlattices  are  presented.  The  increase  in  crystallization  temperature  for  very 
thin  Si  layers  is  demonstrated  using  x-ray  diffraction.  Perfect  nanocrystals  arranged  like 
pearls  in  a  chain  can  be  seen  in  the  HRTEM  images.  An  agreement  among  the  average 
size  of  the  nanocrystals,  the  in-plane  size,  and  the  Si  layer  thickness  is  obtained  for  layer 
thicknesses  below  7  nm,  independent  of  the  crystallization  process.  The  perpendicular 
size  is  decreased  by  around  2  nm  due  to  the  influence  of  the  Si02  interfaces.  These 
crystallized  superlattices  do  not  contain  any  holes. 

On  the  other  hand,  films  with  a  Si  layer  thickness  above  7-8  nm  did  not  show  a 
significant  size  asymmetry  in  different  directions,  but  the  Scherrer  size  is  dependent  on 
the  crystallization  process.  A  clear  trend  to  larger  average  and  in-plane  sizes  is  found  for 
the  two-step  process  compared  to  the  one  step  process,  more  consistent  with  the  layer 
thickness.  Large  holes  are  visible  for  thick  Si  layers,  independent  of  the  crystallization 
process.  The  discrepancy  between  the  TEM  size  and  the  Scherrer  size  is  related  to 
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growth  faults  which  disturbs  the  x-ray  coherence.  Twin  borders  can  be  seen  in  large 
nanocrystals.  Consequently,  the  Scherrer  size  monitors  the  undisturbed  range  of  the 
crystal  only,  which  explains  the  discrepancy  between  the  Scherrer  size  and  the  TEM 
size. 
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ABSTRACT 


Photoluminescence  from  silicon  nanocrystals  fabricated  by  ion  implantation  has  been 
investigated  using  size  selective  optical  excitation  techniques.  A  comparison  of  the 
results  from  size  selective  excitation  measurements  for  a  fixed  ion  dose  to  data  from 
measurements  at  a  fixed  photon  energy  for  several  different  ion  doses  has  been  made  to 
separate  size  effects  from  secondary  effects  associated  with  variations  in  the  ion  dose. 
The  data  show  a  much  greater  dependence  on  ion  dose  than  on  excitation  photon  energy. 
Both  the  photoluminescence  spectra  and  the  decay  of  the  photoluminescence  are  virtually 
unchanged  for  samples  of  a  given  dose  as  the  excitation  photon  energy  is  varied  from  3.50 
eV  to  1.91  eV.  Photoluminescence  spectra  for  a  fixed  excitation  photon  energy,  on  the 
other  hand,  show  a  redshift  of  ~  0.2  eV  as  the  ion  dose  is  changed  from  1  x  1021 
ions/cm3to  1  x  1022ions/cm3.  Photoluminescence  decay  times  extracted  from  time 
resolved  measurements  as  a  function  of  implanted  ion  density  also  show  much  larger 
variations  than  those  observed  as  a  result  of  tuning  the  excitation  photon  energy,  ranging 
from  -250  ps  for  the  lowest  dose  sample  to  -  600  ps  for  the  highest  dose  sample.  These 
measurements  give  greater  weight  to  theories  which  exclude  recombination  of  excitons 
within  the  nanocrystals  as  the  source  of  the  bright  visible  photoluminescence  observed 
previously  in  silicon  nanocrystals. 


INTRODUCTION 


The  optical  properties  of  quantum  confined  semiconductors  have  attracted  much  interest 
due  to  potential  device  applications  and  due  to  basic  physical  questions  concerning  the 
effects  of  confinement.  Silicon  nanocrystals  (Nanocrystals),  in  particular,  are  of  great 
interest  for  both  reasons  following  the  initial  observation  of  efficient  luminescence  in  the 
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visible  region.1  A  red  photoluminescence  (PL)  band  has  been  noted  in  many  different 
types  of  quantum  confined  silicon,  including  porous  silicon1,  colloidal  silicon2  and  silicon 
nanocrystals  formed  via  vacuum  deposition3  and  ion  implantation.4  Decay  times 
reported  for  the  red  PL  range  from  ps  to  ms.  Faster  emission  with  lifetimes  in  the 
nanosecond  regime  in  the  green  and  blue  regions  has  been  reported,  but  is  often  weaker 
and  appears  highly  dependent  on  sample  processing.5  Conflicting  theories  concerning  the 
origin  of  the  red  PL  from  Si  nanocrystals  have  been  presented.  Three  possible 
mechanisms  have  been  suggested:  radiative  recombination  of  excitons  within  the  Si 
nanocrystals;6  luminescence  from  a  trap  state  localized  on  the  surface  of  the  nanocrystal7 
and  carrier  tunneling  to  a  "radiative  center"  outside  the  NC  followed  by  emission  from  the 
radiative  center.®  Studies  of  the  photoluminescence  of  Si  nanocrystals  created  by  ion 
implantation  have  been  performed  to  shed  more  light  on  this  subject. 

Silicon  and  other  semiconductor  nanocrystals  have  been  successfully  fabricated  in  a 
number  of  dielectric  hosts  by  ion  implantation  followed  by  thermal  annealing.  Ion 
implantation  is  a  technique  that  is  very  familiar  to  the  semiconductor  industry  and  results 
in  samples  which  exhibit  extremely  good  mechanical,  thermal  and  chemical  stabilities. 
Disadvantages  of  using  ion  implantation  to  produce  nanocrystals  are  the  relatively  broad 
size  distributions  which  result  and  the  generation  of  defects  in  the  host  material  by  the 
high  energy  ions.  Silicon  nanocrystals  produced  by  implantation  of  ions  into  thermally 
grown  Si0>2  layers  on  bulk  Si  and  into  bulk  S1O2  have  been  investigated  by  many  authors. 
Great  care  must  be  taken  in  the  interpretation  of  photoluminescence  data  from  these 
samples,  since  Si02  is  well  known  to  have  a  number  of  defects  which  luminesce  in  the 
ultraviolet  and  the  visible  regions  of  the  spectrum.9  Luminescence  from  these  samples  is 
thus  highly  dependent  on  implantation  and  post  -  implantation  thermal  annealing 
conditions.  The  observed  luminescence  from  Si  nanocrystals  formed  by  ion  implantation 
falls  into  the  two  categories  mentioned  above:  fast  (nanosecond  or  faster  lifetime) 
emission  in  the  green  and  blue  regions  now  attributed  to  defects  and  slow  (microsecond  - 
millisecond  lifetime)  emission  in  the  red  region  that  has  been  conclusively  connected  to 
nanocrystal  formation.  These  conclusions  have  been  drawn  after  consideration  of  a 
number  of  points  of  evidence.  First,  the  higher  energy  emission  is  present  in  inert  gas  (e. 
g.  At,  Kr)  implanted  samples,  while  the  lower  energy  band  is  not  observed.10  Second,  the 
higher  energy  band  decreases  in  intensity  with  increasing  time  and/or  temperature,  j 
beginning  at  400°C.  This  coincides  with  the  behavior  of  E’  and  D  type  defects  in  Si02  as 
determined  by  EPR  spectroscopy.11  The  intensity  of  the  lower  energy  band  increases 
with  annealing  time  and/or  temperature  above  1000°C,  which  is  consistent  with  the 
growth  of  nanocrystals  by  nucleation.12  The  position  of  the  peaks  from  XPS 
measurements  indicate  a  shift  from  a  position  reported  for  SiOx  to  a  peak  position 
previously  reported  for  Si  at  these  temperatures.12  We  have  therefore  focused  on  the  red 
emission  band  in  our  current  report. 

While  the  lower  energy  photoluminescence  band  is  associated  with  the  formation  of  Si 
nanocrystals,  the  emission  mechanism  is  still  unclear.  Photoluminescence  most  likely 
occurs  after  absorption  of  a  photon  by  the  nanocrystal  core  and  the  resulting  generation 
of  an  exciton.  We  report  here  experiments  designed  to  distinguish  between  the  two 
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suggested  emission  mechanisms:  recombination  within  the  nanocrystal  and  defect 
mediated  relaxation.  Measurements  of  both  the  photoluminescence  spectra  and  the 
photoluminescence  decay  as  a  function  of  both  ion  dose  and  excitation  photon  energy 
have  been  performed.  Variations  in  the  ion  dose  should  result  in  differing  nanocrystal 
sizes  and  different  levels  of  defect  generation,  while  size  selective  excitation  for  a  given 
dose  sample  should  show  differences  due  only  to  size  differences.  If  excitonic 
recombination  is  solely  responsible  for  the  observed  photoluminescence,  both  types  of 
measurements  should  show  the  same  results.  Defect  mediated  photoluminescence 
dominates  if  the  measurements  do  not  agree. 


EXPERIMENTAL 


White  and  co-workers13  have  shown  that  the  mean  size  of  the  nanocrystals  formed  by 
ion  implantation  into  bulk  Si02  substrates  can  be  controlled  by  varying  the  ion  energy 
and  the  post  -  implantation  thermal  annealing  conditions.  The  nanocrystals  used  in  the 
current  are  identical  to  those  used  by  White,  et.  al.13  Si+  ions  were  implanted  into  Si02  at 
energies  selected  to  achieve  planar  concentration  profiles.  Samples  with  implanted  ion 
densities oflxl021,2xl021,5xl021  and  1  x  1022 ions/cm3  were  studied.  All  samples 
were  annealed  a  reducing  atmosphere  (96%Ar  +  4%  H2)  at  1 100°C  for  one  hour. 
Temperatures  above  1100°C  is  required  to  efficiently  produce  nanocrystalline  silicon,  as 
discussed  above.  Annealing  in  a  reducing  atmosphere  is  well  known  to  enhance  the 
luminescence  efficiency  in  nanocrystalline  and  porous  silicon,  possibly  by  passivating 
either  dangling  bonds  at  the  surface  of  the  nanocrystals  or  defects  in  the  host  matrix.5 
Transmission  electron  microscopy  was  used  to  measure  nanoparticle  sizes  and  to 
establish  the  presence  of  crystalline  silicon  through  electron  diffraction  measurements. 
Time  resolved  and  static  PL  measurements  were  performed  using  the  output  of  an  optical 
parametric  generator/amplifier  pumped  by  the  third  harmonic  of  a  Nd:YAG  laser  (30ps 
pulse  width).  Emission  was  monitored  at  a  photon  energy  of  1 .65  eV ,  where  the  emission 
curves  of  all  samples  overlap.  The  pump  energy  was  limited  to  2  microjoules  to  avoid 
nonlinear  or  thermal  effects.  The  PL  was  focused  into  a  1/4  m  monochromator,  measured 
with  a  photomultiplier  tube  and  digitized  by  a  500MHz  oscilloscope.  PL  spectra  were 
meaured  with  an  intensified  photodiode  array  mounted  to  the  same  monochromator  used 
for  the  time  resolved  measurements.  All  spectra  were  taken  with  the  intensifier  in  CW 
mode. 


RESULTS  AND  DISCUSSION 


The  presence  of  silicon  nanocrystals  in  the  samples  studied  here  was  confirmed  by 
transmission  electron  microscopy  (TEM).  TEM  micrographs  of  three  of  the  samples  and 
a  virgin  Si02  substrate  are  shown  in  Fig.  1 . 
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(c)  (d) 


Figure  2.  TEM  micrographs  of  (a)  5  x  1021/cm3,  (b)  1  x  1022/cm3  (c)  virgin  SiC>2  and  (d) 
2  x  102,/cm3.  The  implanted  samples  have  been  annealed  for  at  1 100°C  fpr  one  hour  in  a 
reducing  atmosphere. 


It  proved  difficult  to  accurately  determine  the  size  of  the  nanoparticles  in  the  two  lowest 
dose  samples,  largely  because  of  the  low  contrast  between  the  Si02  matrix  and  the  Si 

nanocrystals.  Figure  1(d).  an  image  from  the  2  x  1021/cm3  sample,  demonstrates  the 
difficulty  in  imaging  the  lower  dose  samples.  The  “roughness”  in  fig.  2(d)  is  the  most 
obvious  difference  between  fig.  1(d)  and  fig  1(c),  an  image  from  an  unimplanted  substrate. 
This  feature  has  been  observed  in  many  low  dose  implant  of  Si  into  Si02  and  most  likely 
represents  small  silicon  rich  regions.  Electron  diffraction  (as  shown  in  the  inset  of  fig. 
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1(d)),  however,  establishes  the  presence  of  crystalline  silicon.  Increasing  the  dose  to  5  x 
10  /cm  leads  to  formation  of  nanoparticles  with  dimensions  ranging  from  1.5-4  nm. 
These  particles,  shown  in  fig.  1(a),  are  clearly  resolved  at  a  lower  resolution  than  that 
used  for  the  lower  doses.  This  established  an  upper  limit  of  1.5  nm  to  the  size  of  the 
nanoparticles  in  the  two  lowest  dose  samples.  Another  dramatic  change  occurs  when  the 
implanted  dose  is  increased  to  1  x  lO^/cm3,  where  the  particle  size  distribution  appears 
to  be  bimodal  (fig.  1(b)).  Much  larger  particles,  with  diameters  of  10  nm  or  larger,  co  - 
exist  with  smaller  particles.  These  large  particles  are  clearly  nanociystalline  silicon,  as 
lattice  fringes  were  observed.  The  micrographs  shown  above  are  believed  to  be 
representative  of  the  entire  sample,  but  it  must  be  noted  that  these  TEM  micrographs 
provide  images  of  only  a  very  small  region  of  the  samples.  The  size  of  the  micrographs 
shown  above  are  much  smaller  than  the  beam  size  of  a  few  square  nun  used  in  the 
photoluminescence  and  absorption  measurements  reported  below. 

The  linear  absorption  spectra  of  the  four  samples  (shown  in  fig.  2)  illustrates  the  effect 
of  ion  dose  on  the  location  of  the  absorption  edge. 


Photon  Energy  (eV) 

Figure  2.  UV-visible  absorption  spectra  of  the  implanted  samples  after  annealing. 


All  spectra  are  normalized  against  a  spectrum  from  a  virgin  Si02  substrate.  Oscillations 
appearing  between  2  eV  and  3  eV  in  the  spectra  are  caused  by  interference  effects  caused 
by  reflections  from  the  silicon  nanocrystal  layer.  The  absorption  edges  for  all  samples  are 
considerably  blue  shifted  from  the  bulk  edge  near  1.1  eV.  White,  et.  al.  reported  that 
optical  absorption  edge  shifts  from  3  eV  to  <  2  eV  as  the  dose  is  increased  over  a  range 
similar  to  that  considered  here.  This  trend  is  consistent  with  the  increase  of  the  average 
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particle  size  as  seen  from  TEM  measurements  as  the  implanted  ion  dose  is  increased. 
The  excitation  photon  energies  for  the  experiments  reported  here  range  from  1.9  eV  to  3.5 
eV,  spanning  the  range  of  the  absorption  edges  shown  above. 


Photoluminescence  Spectra 


The  dependence  of  the  photoluminescence  spectra  after  “global”  excitation  at  3.5  eV 
on  the  ion  dose  is  shown  in  Fig.  3. 


Energy  (eV) 

Figure  3.  Dose  dependence  of  the  photoluminescence  spectra  after  global  excitation. 
Excitation  photon  energy  =  3.50  eV  and  T  =  10K. 


There  is  quite  a  large  gap  between  the  absorption  onsets  and  the  onset  of  the 
photoluminescence  peaks.  Furthermore,  the  position  of  the  peaks  in  photoluminescence 
spectra  show  a  much  smaller  dependence  on  the  ion  dose  than  do  the  absorption  onsets. 
The  peaks  of  the  spectra  gradually  redshift  from  1.70  eV  to  1.50  eV  with  increasing  dose, 
while  the  absorption  edges  shift  by  more  than  1  eV.  Emission  from  all  samples  are  fairly 
broad,  with  FWHM  of  roughly  0.25  eV.  Emission  intensity  also  increases  with  increasing 
dose  for  the  three  lowest  doses,  as  expected.  The  decrease  in  the  efficiency  of  the  highest 
dose  sample  may  result  from  the  appearance  of  larger  nanocrystals. 

The  dose  dependent  PL  spectra  described  above  have  been  complemented  by 
measurements  of  the  PL  spectra  of  each  sample  as  the  excitation  photon  energy  was 
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varied  from  1.91  eV  to  3.50  eV.  This  corresponds  roughly  to  the  range  of  the  absorption 
onsets  shown  in  Fig.  1. 


1.45  1.50  1.55  1.60  1.65  1.70  1.75  1.80  1.85  1.90  1.95  2.00 
Energy  (eV) 

Figure  4.  Dependence  of  the  photoluminescence  spectra  of  the  1  x  102Vcm^  sample  on 
the  excitation  photon  energy.  Spectra  are  normalized  and  offset  for  clarity  of 
presentation. 


The  spectra  show  little  change  as  the  excitation  photon  energy  is  varied  over  a  wide  range. 
The  peaks  of  the  spectra  show  a  very  small  redshift  of  less  than  0.02  eV  at  the  lowest 
excitation  photon  energy.  This  redshift  is  insignificant  compared  to  the  shift  of 
approximately  0.2  eV  that  occurs  between  the  lowest  and  highest  dose  sample  under 
global  excitation.  The  width  of  the  peak  remains  largely  unchanged,  with  the  exception  of 
a  slight  broadening  measured  at  the  lowest  photon  energy.  This  is  an  unexpected  result  if 
the  photoluminescence  is  assumed  to  occur  from  excitonic  recombination  within  the 
nanocrystals.  Decreasing  the  excitation  photon  energies  reduces  the  size  range  of  the 
excited  nanocrystals  and  therefore  should  lead  to  narrowing  of  the  PL  spectrum.  Similar 
measurements  (not  shown)  for  the  intermediate  dose  samples  show  similar  effects.  Small 
redshifts  of  -0.05  eV  can  be  seen  for  the  lowest  excitation  photon  energy  in  those 
samples.  Noticeable  broadening  also  occurs  at  the  lowest  photon  energy  in  both  cases. 
Spectra  for  the  highest  dose  sample,  do  not  show  any  significant  shifts  in  peak  position 
or  any  appreciable  broadening. 


Time  Resolved  Photoluminescence 
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Measurements  of  the  time  resolved  photoluminescence  were  carried  out  in  a  manner 
analogous  to  that  described  above  for  the  photoluminescence  spectra.  The  excitation 
photon  energy  was  tuned  while  the  emission  was  monitored  at  1.65  eV.  The  dose 
dependence  of  the  photoluminescence  lifetime  under  global  excitation  is  shown  below  in 
Fig.  5. 


Time  (s) 

Figure  5.  Dose  dependence  of  PL  decay  after  global  excitation. 

The  decay  curves  observed  are  strongly  nonexponential  for  all  doses.  The  PL  decay  are 
fit  well  by  a  stretched  exponential  function 

/(f)  =  /0e_('/T^  [1] 

which  is  often  used  to  describe  relaxation  dynamics  in  systems  with  broad  distributions 
of  decay  times.14  The  parameter  P  ranges  between  0  and  1,  with  smaller  values  indicating 
a  broader  distribution  and  the  upper  limit  of  one  resulting  a  single  exponential  decay.  The 
decay  of  experimental  curves  fitted  to  this  model  can  be  characterized  by  a  mean 
lifetime15 
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The  lifetimes  of  the  globally  excited  samples  increase  with  increasing  dose  for  the  three 
lowest  doses,  from  -250  psec  for  the  lowest  dose  to  -575  psec  for  the  5  x  lCPVcm3 
sample.  The  lifetime  of  the  1  x  lO^/cm3  sample  is  -  450  psec,  but  this  is  most  likely  due 
to  the  fact  that  the  lifetime  is  measured  at  an  emission  energy  approximately  0.15  eV 
above  the  peak  of  the  spectrum.  Several  earlier  investigations  have  shown  that  the 
lifetime  as  the  measured  position  approaches  the  peak  of  the  spectrum.8 

The  dose  dependence  of  the  time  resolved  measurements  described  above  can  be 
compared  to  measurements  performed  on  a  individual  samples  while  the  excitation  energy 
is  varied.  The  variation  of  the  lifetimes  for  the  lowest  dose  sample  is  shown  below  in 
figure  6. 


The  mean  lifetimes,  while  showing  some  scattering  due  to  a  relatively  large  uncertainty, 
are  grouped  between  190  psec  and  310  psec.  This  is  a  small  variation  compared  to 
lifetimes  up  to  575  psec  observed  in  the  dose  dependent  measurements.  No  definitive 
trend  can  be  observed  as  the  excitation  photon  energy  is  tuned.  Measurements  of  the  2  x 
102l/cm3  sample  show  much  the  same  results,  with  the  lifetimes  scattered  in  a  range 
between  390  psec  and  510  psec.  The  range  of  lifetimes  increases  to  500  psec  and  600 
psec  for  the  5  x  102I/cm3  sample.  The  lifetimes  for  the  highest  dose  sample  largely 
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overlaps  that  of  the  5  x  lO^/cm3  sample.  The  time  resolved  PL  data  is  summarized  below 
in  Figure  7. 


Excitation  Photon  Energy  (eV) 

Figure  7.  Dependence  of  the  PL  lifetime  on  the  excitation  photon  energy  for  four  ion 
doses. 


The  data  for  the  three  lowest  dose  samples  is  another  clear  indication  that  the  ion  dose 
has  a  greater  impact  than  nanocrystal  size  on  the  photoluminescence.  There  is  virtually 
no  overlap  between  the  lifetimes  of  the  different  dose  samples,  regardless  of  the  excitation 
photon  energy  considered.  The  overlap  between  the  1  x  lCP/cm3  sample  and  the  5  x 
102l/cm3  sample  may  result  from  the  energy  of  the  PL  detected  for  the  time  resolved 
measurements.  Studies  on  porous  silicon  have  shown  that  lifetimes  increase  with 
decreasing  emission  photon  energy.  The  reason  for  this  increase  is  not  clear.  The 
monitored  emission  photon  energy  of  1.65  eV  is  on  the  low  energy  side  of  the  peaks  of 
the  spectra  of  the  three  lower  doses,  but  is  considerably  redshifted  from  the  peak  of  the 
spectra  for  the  highest  dose  sample. 


CONCLUSIONS 


Comparisons  between  the  ion  dose  dependence  and  the  excitation  photon  energy 
dependence  of  the  photoluminescence  decay  and  spectra  show  that  emission  from  silicon 
nanocrystals  fabricated  by  ion  implantation  is  influenced  far  more  by  the  ion  dose.  This 
leads  to  the  conclusion  that  photoluminescence  from  these  nanocrystals  is  unlikely  to 
result  from  excitonic  recombination  within  the  nanocrystals.  If  the  dominant  mechanism 
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for  emission  was  recombination  within  the  nanocrystals,  the  spectral  mid  time  resolved 
data  should  show  a  greater  dependence  on  the  excitation  photon  energy  -  which 
effectively  selects  the  size  of  the  emitting  nanocrystals.  The  main  emission  mechanisms 
remaining  are  emission  from  excitons  trapped  at  surface  states  and  emission  from 
“luminescence  centers”  located  outside  of  the  nanocrystals.  Ion  dose  can  affect  the 
emission  by  these  mechanisms  in  a  number  of  ways,  including  changing  the  type  or 
density  of  defects  present  in  the  host  matrix  and  on  the  surface  of  the  nanocrystal. 
Further  investigation,  including  implantation  into  different  matrices  and  alteration  of  the 
annealing  conditions,  are  being  conducted  to  determine  the  nature  of  the  emission  process. 
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ABSTRACT 


We  review  some  of  our  recent  work  on  the  porous  Si  luminescence  and  emphasize  the 
importance  of  the  nonradiative  Auger-process  in  the  description  of  the  Si  nanocrystal 
photoluminescence  (PL)  properties.  Due  to  a  very  long  radiative  time  already  at  weak 
levels  of  optical  excitation  a  double  occupation  of  crystallites  by  e-h  pairs  is  achieved. 
This  results  in  PL  saturation,  an  efficient  photoluminescence  suppression  by  a  resonant 
pump  beam  and  persistent  hole  burning  phenomena.  The  hole  burnt  in  the  luminescence 
spectrum  in  a  pump-to-probe  or  persistent  mode  has  two  well  defined  onsets  related  to 
the  TO  momentum  conserving  phonons  of  Si.  The  amplitude  of  the  spectral  hole  is  90% 
from  the  total  PL.  These  results  allow  us  to  conclude  that  most  of  the  luminescence  of 
porous  Si  arises  from  radiative  recombination  of  indirect  excitons  confined  inside  the 
nanocrystals. 


One  of  the  most  important  properties  of  the  nanocrystal  assemblies  is  their 
strong  nonlinear  optical  response.  Recently  the  importance  of  the  competition  between 
radiative  and  Auger  recombination  for  the  electronic  and  optical  properties  of 
semiconductor  quantum  dots  has  been  recognized  [1].  A  very  efficient  breakdown  of  the 
^-conservation  rule  due  to  a  strong  spatial  confinement  [2]  considerably  accelerates  the 
rate  of  Auger  process.  Even  in  direct  bandgap  quantum  dots  with  radii  of  the  order  of  a 
few  nanometers  this  rate  is  expected  to  be  larger  than  that  of  radiative  transitions. 
Porous  Si  films  are  ensembles  of  differently  sized  and  shaped  quantum  dots. 
Experimental  and  theoretical  investigations  of  porous  Si  [3]  show  that  Si  nanocrystals 
still  have  an  indirect  band  gap.  The  radiative  times  at  room  temperature  are  ~10  ps  and 
at  low  temperatures  as  long  as  a  few  ms.  A  simple  estimate  shows  that  at  room 
temperature  at  100  W/cm2  and  at  He  temperature  at  lW/cm2  of  CW  optical  excitation  in 
average  each  crystallite  is  already  occupied  by  one  e-h  pair.  This  leads  to  a  variety  of 
phenomena  like  saturation  of  the  PL  and  a  persistent  PL  hole  burning  already  under 
mediate  levels  of  optical  excitation.  First  studies  demonstrating  such  kind  of  effects  in 
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porous  Si  were  done  by  injection  of  additional  carriers  from  electrolyte.  The  Auger 
process  was  considered  as  a  good  candidate  to  explain  voltage  selective  quenching  of 
PL  and  voltage  tunable  electroluminescence  [4].  In  this  paper  we  intend  to  explain  our 
current  understanding  how  the  nonradiative  Auger-process  influences  the  basic  PS 
photoluminescence  properties.  The  results  of  our  experiments  combined  together  allow 
us  to  conclude  that  most  of  the  luminescence  of  PS  arises  from  radiative  recombination 
of  indirect  excitons  affected  by  spatial  confinement. 

The  luminescence  mechanism  in  porous  silicon  has  been  a  subject  of  a  long¬ 
standing  debate.  In  his  first  article  on  PS  luminescence  Canham  [5]  attributed  the  PL  to 
radiative  transitions  between  quantum  confined  levels  inside  the  Si  nanoparticles.  Some 
researchers  suggested  different  models  [3]  including  radiative  recombination  via  surface 
states  [6],  Si  based  luminescing  compounds  like  a-Si  [7],  siloxene  [8]  and  light 
emission  from  certain  defects  in  Si02  [9]. 

The  first  spectroscopic  evidence  that  at  least  a  part  of  the  luminescence  results 
from  quantum-confined  states  inside  the  Si  nanocrystals  came  from  the  experiments  of 
Calcott  et  al  [10].  They  excite  the  luminescence  resonantly  and  observe  clear  onsets  in 
the  PL  spectrum.  The  energy  of  the  onsets  is  identical  to  that  of  the  TO  and  the  TA 
momentum  conserving  phonons  of  c-Si.  Since  two  structures  are  observed  (for  each 
phonon)  the  only  possible  processes  in  the  absorption-emission  cycle  involve  zero,  one 
or  two  momentum-conserving  phonons.  These  processes  correspond  to  no-phonon 
transitions  in  both  emission  and  absorption,  to  a  phonon-assisted  process  in  either  the 
absorption  or  the  emission,  and  to  phonon-assisted  transitions  in  both  the  emission  and 
the  absorption. 

Several  experimental  observations,  especially  regarding  the  influence  of  the 
surface  chemistry  of  PS  on  its  light  emission,  are  difficult  to  reconcile  with  the  notion 
that  all  the  light  originates  from  quantum  confined  states.  For  instance  in  [11]  it  was 
suggested  that  most  of  the  light  comes  from  a  very  efficient  luminescence  source,  which 
is  not  the  Si  nanocrystals.  This  proposed  source  is  efficiently  excited  only  above  2.5  eV, 
and  there  is  a  strong  Stokes  shift  of  the  emission,  so  its  PL  peak  is  at  1.6-2  eV.  The 
weak  luminescence  from  the  Si  nanocrystals  can  be  seen  only  when  the  excitation  of  the 
strong  source  is  impossible  (as  in  the  case  of  the  resonant  excitation)  [1 1],  In  order  to 
support  this  conjecture  the  efficiency  of  light  emission  under  resonant  and  non-resonant 
excitations  has  been  measured,  and  the  luminescence  is  found  to  be  much  weaker  under 
resonant  excitation,  when  the  phonon  structures  are  seen.  The  increase  in  the 
luminescence  efficiency  with  rising  excitation  energy  is  accompanied  by  a  smearing  of 
the  phonon  onsets.  They  conclude  that  under  usual  excitation  conditions  most  of  the 
light  does  not  involve  phonon  assisted  processes,  and  therefore  it  is  not  a  result  of 
radiative  transitions  between  confined  exciton  states. 

We  use  luminescence  hole  burning  in  order  to  determine  accurately  how  much 
of  the  light  is  emitted  from  quantum-confined  states.  This  method  has  been  employed 
for  a  variety  of  nanocrystal  systems  (see,  for  example  [12]).  The  luminescence  is  excited 
by  a  weak  probe  beam  (Aco^  =  2.8  eV).  Because  of  the  high  energy  of  the  photons  all 
the  emitters  are  excited  efficiently.  Then,  an  intense  pump  beam  is  used  to  quench  the 
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luminescence.  If  a  probe  photon  is  absorbed  in  a  nanocrystal  which  is  already  occupied 
by  an  electron-hole  pair  created  by  the  strong  pump  beam,  non-radiative  Auger 
recombination  will  occur  [4].  Therefore,  the  luminescence  due  to  the  probe  beam  is 
suppressed  by  the  presence  of  the  pump  beam. 

In  order  to  identify  the  light  emission  from  the  strong  source  we  use  a  resonant 
pump  beam  p  =  1 .68  eV).  At  this  pump  energy  the  strong  source  is  supposedly  not 
absorbing  [11].  Therefore,  the  fraction  of  the  PL  suppressed  by  the  pump  beam  is 
emitted  from  the  quantum  confined  states.  This  is  confirmed  by  the  observation  of 
onsets  due  to  the  TO  momentum  conserving  phonons  in  the  spectral  shape  of  the  ''hole" 
burnt  in  the  PL  spectrum.  We  find  that  the  magnitude  of  the  "hole"  reaches  90  %  in  the 
region  of  the  second  phonon  step,  what  implies  that  most  of  the  luminescence  is  due  to 
indirect  exciton  transitions. 

Persistent  hole  burning  is  also  observed  as  a  result  of  Auger  ionization.  If  two  e-h 
pairs  occupy  simultaneously  the  same  nanocrystal  one  pair  would  recombine  non- 
radiatively  via  the  Auger  process.  One  of  the  carriers  left  gains  the  energy  of  the 
recombined  pair  and  can  escape  from  the  crystallite.  As  a  result  the  nanocrystal  is 
charged,  and  all  further  radiative  recombination  inside  it  is  suppressed  due  to  sequence 
of  Auger  processes.  At  low  temperatures  the  nanocrystal  remains  ionized  for  long  times, 
resulting  in  a  persistent  degradation  of  the  PL  [13,14,15].  We  show  that  Auger-induced 
charging  of  the  nanocrystallites  leads  to  the  persistent  hole-burning  phenomena  in  the 
PL  with  the  same  phonon  onsets  structure.  Increasing  the  temperature  of  the  sample 
washes  out  the  hole  burnt  in  the  PL  spectrum  and  this  is  accompanied  by  a 
thermoluminescence  signal  with  similar  phonon  onsets. 

The  details  of  the  sample  preparation  and  the  optical  setup  can  be  found 
elsewhere  [16].  The  experiments  are  done  using  a  pump-probe  technique.  A  dye  laser 
tunable  in  the  spectral  range  of  600-690  nm  or  Ti-Sapphire  laser  are  used  to  excite 
resonantly  the  PL  or  as  a  pump  beam  source.  For  nonresonant  pump-probe  experiments 
an  Ar+  laser  with  =  2.54  eV  is  used.  A  He-Cd  laser  (2.8  eV)  beam  is  used  as  a 
probe.  The  intensity  of  the  probe  beam  is  kept  low  (Iprobe=10  mW/cm2)  so  the  PL 
intensity  is  in  the  linear  regime.  A  microscope  is  used  to  ensure  that  the  pump  spot 
overlaps  completely  the  smaller  spot  of  the  probe  laser.  The  probe  beam  is  modulated  at 
a  frequency  of  12  Hz  and  the  PL  is  measured  using  conventional  lock-in  technique  at 
the  same  frequency.  The  pump  beam  is  modulated  at  a  high  frequency  (260  Hz)  to 
achieve  quasi-steady-state  pumping  conditions  with  respect  to  the  excited  carriers 
lifetimes  [10],  To  suppress  stray  light  from  the  pump  laser  the  entrance  slit  of 
monochromator  is  blocked  when  the  pump  beam  illuminates  the  sample.  To  avoid 
overheating  of  the  sample  by  the  pump  beam  all  the  experiments  are  done  in  superfluid 
He  at  T=1.5  K  and  the  intensity  of  the  pump  beam  is  kept  below  the  He  boiling 
threshold  (Ipump<  50  W/cm2). 

On  the  Fig.l  we  show  the  dependence  of  the  PL  response  on  the  probe  beam  as  a 
function  of  the  pump  beam  intensity.  Introduction  of  both  resonant  and  nonresonant 
pump  beams  induces  an  efficient  quenching  of  the  PL.  Under  non-resonant  pump  beam 
illumination  (ft<opump=2.54  eV)  the  maximal  suppression  value  is  of  the  order  of  20  while 
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for  the  low  pump  beam  energy  the  effect  is  significantly  weaker.  The  additional  carriers 
injection  rate  is  a  product  of  the  radiative  lifetime,  absorption  cross-section  of 
nanocrystals  and  the  pump  beam  intensity.  In  order  to  give  an  estimate  of  the  ratio  of  the 
absorption  cross-sections  at  resonant  and  non-resonant  excitations,  we  assume  that  the 
PL  induced  by  the  probe  beam  at  /kodet  is  proportional  to  the  density  of  crystallites  with 
a  „gap“  ,  which  are  left  unoccupied  by  the  pump  beam  (at  energy  he opump).  We  solve 
a  system  of  rate  equations  and  obtain  the  density  of  empty  crystallites  as  a  function  of 
the  pump  intensity  [15]  (Eq.  1): 


^tmpty  Collet  >  Ipum/) 
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Here  xR  (ftcodet)  is  the  radiative  lifetime,  a  (/todet,  fico^)  is  the  cross  section  for 
absorption  of  photons  with  an  energy  ft®puinp  in  a  nanocrystal  with  a  „gap“  7icodet  ,  Ipunip  is 
the  intensity  of  the  pump  light  expressed  in  an  areal  flux  of  incident  photons.  The  solid 
curves  in  Fig.  1  are  fits  using  Eq.  1.  We  neglect  the  fact  that  light  emission  at 
originates  from  crystallites  with  gaps  #codet  (via  no-phonon  process)  and  7icodet  +  phonon 
(via  phonon-assisted  emission).  Since  we  would  like  to  get  an  order  of  magnitude 
estimate  of  the  ratio  between  the  cross  section  at  non-resonant  and  resonant  excitation 
we  can  assume  safely  that  the  cross  sections  at  and  /icodet  +  fif^,honon  are  the  same, 
and  therefore  it  can  be  replaced  by  an  average  value.  Although  we  used  this 
simplification  the  results  are  fitted  very  well.  Substituting  the  measured  values  of  xR=4 
ms  we  obtain  an  approximate  value  of  a  (ft( odet  =  1.88  eV,  ftcoputnp  =  1.94  eV)  =  4-1  O'19 
cm2,  while  for  high  energy  pumping  a  (fico^  =  1.77  eV,  fta>pump=  2.54  eV)  =  10"17  cm2. 
The  difference  in  these  values  reflects  the  increase  in  the  density  of  electronic  states 
with  increasing  energy  above  the  "gap". 

The  resonant  beam  suppresses  the  non-resonant  PL  intensity  at  energies  below 
that  of  the  pump  photons.  This  effect  is  present  for  all  excitation  energies  used  (1. 5-2.5 
eV).  The  PL  intensity  at  higher  emission  energies  is  almost  not  affected.  Two  well 
defined  onsets,  separated  by  ~56  meV,  are  seen  in  the  resulting  PL  spectra.  No  influence 
on  the  PL  is  observed  in  the  close  vicinity  of  the  excitation  line.  These  PL  features  are 
related  to  the  TO-phonon  replicas  and  the  exciton  gap  observed  in  the  resonant  PL 
spectrum  [10,1 1,17].  The  maximal  suppression  we  have  achieved  is  as  large  as  10  and  it 
reaches  factor  of  3  already  in  the  region  of  the  first  phonon  step.  The  effect  is  far  from 
saturation  and  the  measured  suppression  values  are  limited  by  the  experimental  setup 
(the  power  of  the  laser).  Note  that  the  actual  suppression  value  is  even  higher  since  the 
detected  signal  is  a  result  of  averaging  over  the  pump  laser  on  and  off  periods  (time 
ratio  is  5:7).  The  same  tendency  can  be  seen  at  room  temperature  except  of  the  phonon 
onsets  smeared  due  to  interaction  with  acoustical  phonons. 

In  Fig.2  we  compare  the  degree  of  PL  suppression  (the  difference  between  the 
PL  intensity  with  and  without  pump  beam)  with  the  resonant  PL  spectrum.  The  resonant 
PL  spectrum  is  excited  at  the  same  wavelength  as  that  of  the  pump.  There  is  an  obvious 


Electrochemical  Society  Proceedings  Volume  98-19 


121 


correlation  between  the  spectral  dependence  of  the  degree  of  quenching  and  the  resonant 
PL  spectrum.  In  particular,  the  two  steps  in  the  suppression  spectrum  coincide  with  the 
TO  momentum  conserving  phonon  onsets  observed  in  the  resonant  PL  spectrum.  The 
intensity  of  the  suppressed  PL  is  a  large  fraction  of  the  PL  intensity  under  non-resonant 
excitation  when  all  the  "emitters"  are  efficiently  excited. 

In  order  to  assert  that  the  luminescence  dynamic  hole  burning  phenomena  do  not 
arise  from  bleaching  of  the  band  edge  absorption  (occupation  of  the  electron  or  the  hole 
ground  states  can  affect  the  transition  energy  and  quantum  dot  oscillator  strength  [18] 
we  have  looked  for  changes  in  the  absorption  of  free  standing  layers,  induced  by  the 
pump  beam.  However,  no  induced  effect  on  the  absorption  is  seen  within  the 
experimental  error.  This  is  probably  due  to  the  small  fraction  of  luminescing  particles. 

The  presence  of  two  phonon  steps  in  the  quenching  spectrum  proves  that  the 
luminescence  that  has  been  suppressed  involves  momentum-conserving  phonons  also  in 
the  emission  process  [10].  We  assume  that  the  probe  beam  does  not  induce  light 
emission  in  a  crystallite  in  which  an  e-h  pair  is  excited  by  the  pump  beam.  The 
probability  of  a  crystallite  to  be  occupied  is  proportional  to  a  (Eg,  ^copump)  the  absorption 
cross  section  for  photons  with  an  energy  /*copump  in  a  nanocrystal  with  a  "gap"  Eg,  what  in 
fact  reflects  the  average  density  of  electronic  states  at  ft®pump  in  the  nanocrystal. 
However,  since  the  absorption  involves  no-phonon  and  phonon-assisted  processes, ,  o 
(Eg,  /zo)pump)  has  one  phonon  onset  at  h0.^mQn  above  Eg.  The  second  phonon  onset  comes 
from  the  emission  process.  The  occupied  crystallite  does  not  emit  light  either  at  Eg 
(minus  the  small  exciton  gap)  or  at  Eg  -  fiftphonon.  We  point  out  that  if  only  the  absorption 
takes  place  inside  the  nanocrystal,  but  the  emission  involves  localized  states  (surface  or 
SiOx  defect  states),  only  one  phonon  step  should  be  seen. 

We  observe  that  90%  of  the  total  luminescence  is  suppressed  by  the  presence  of 
the  resonant  pump.  The  spectral  shape  of  the  "hole"  demonstrates  two  phonon  onsets. 
Combining  these  facts  we  conclude  that  the  origin  of  the  PL  is  radiative  recombination 
between  quantum  confined  states  inside  the  Si  nanocrystals.  The  observations  that  the 
resonantly  excited  PL  is  much  weaker  than  that  excited  at  high  energies  is  explained  by 
the  difference  of  the  absorption  cross  sections.  Indeed,  the  light  emission  under  non¬ 
resonant  excitation  is  much  more  efficient  than  under  resonant  one  as  it  was  shown  in 
[1 1],  but  this  is  due  to  the  large  difference  in  the  density  of  states.  We  point  out  that  this 
factor  we  have  obtained  from  the  hole  burning  experiments  has  a  similar  magnitude  to 
that  deduced  from  the  luminescence  intensity  [11]. 

We  turn  now  to  discuss  persistent  hole  burning  phenomena.  These  effects  are 
studied  in  the  following  way.  After  measuring  the  usual  PL  spectrum  under  non¬ 
resonant  conditions  (tuo^  =  2.8  eV),  we  switch  off  the  weak  probe  beam  and  expose  the 
sample  to  a  strong  resonant  beam  Ipump  =  10  W/cm2.  The  intense  resonant  pump  beam  is 
used  to  create  a  long  term  degradation  of  the  luminescence  via  an  Auger  ionization. 
After  each  light  soaking  step  (with  varied  exposure  time),  we  switch  off  the  strong  beam 
and  measure  the  luminescence  again  using  the  same  weak  probe  beam. 

The  burnt  luminescence  spectra  are  shown  in  Fig.  3.  They  are  very  similar  to 
those  seen  in  Fig.  2.  A  clear  decrease  in  PL  efficiency  is  recorded  for  emission  energies 
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below  that  of  the  degrading  beam,  while  no  influence  is  detected  above  it.  Again  two 
phonon  replicas  and  a  forbidden  gap  known  from  the  resonant  PL  measurements  are 
observed.  The  degradation  becomes  less  efficient  at  low  detection  energies  as  in  the  case 
of  the  non-resonant  fatigue  effect  [15].  The  amplitude  of  the  spectral  hole  increases 
continuously  with  resonant  light  exposure  time.  At  low  temperatures,  the  spectrum  of 
the  "hole"  and  its  magnitude  do  not  change  during  tens  of  hours.  Heating  heals  the  hole 
and  at  300  K  washes  it  out  completely.  Again  the  same  effect  can  be  seen  over  the 
whole  PL  band. 

On  the  Fig.4  we  show  a  detailed  PL  spectrum  in  the  vicinity  of  the  burning  laser 
energy.  The  onset  of  the  spectral  hole  is  spectrally  delayed  with  respect  to  the  burning 
laser  energy.  This  spectroscopic  gap  labeled  A  is  well  known  from  the  resonant  PL 
measurements  and  is  due  to  the  e-h  exchange  exciton  splitting  [10].  This  observation 
has  very  important  implications  for  the  understanding  of  the  nature  of  the  PL.  First  it 
shows  that  electronic  states  of  all  possible  luminescing  species  are  splitted  in  the  same 
way  as  it  does  for  resonantly  excited  emitters.  Second,  it  evidences  that  there  is  no 
Stokes  shift  between  absorbing  and  luminescing  state.  Observed  and  widely  discussed 
significant  Stokes  shift  between  absorption  edge  and  PL  band  energy  is  an  artificial  fact 
arising  from  the  small  density  of  electronic  states  near  to  the  exciton  ground  state.  Our 
hole  burning  experiments  show  that  the  energy  difference  between  absorbing  and 
luminescing  state  is  equal  to  A  even  at  2.5  eV  excitation  energy. 

Electrons  or  holes  ejected  from  the  Si  nanocrystals  during  the  Auger  ionization 
process  are  either  captured  by  surface  traps  or  transferred  to  a  neighboring  nanocrystals. 
When  the  sample  is  heated  the  trapped  carriers  can  be  thermally  reexcited  into  the 
nanocrystals.  A  carrier  injected  into  a  charged  nanocrystal  recombines  with  the  carrier 
which  has  been  left  there.  This  process  restores  the  initial  optical  properties  of  the 
sample,  since  the  nanocrystals  become  neutral  (hole  healing  process).  If  the 
recombination  is  radiative  a  thermoluminescence  signal  appears.  This  effect  is  known 
for  semiconductor  doped  glasses  [13].  Thermoluminescence  is  measured  during  the 
heating  of  the  sample  (after  persistent  hole  burning)  using  a  spectrograph  combined 
with  a  silicon  CCD  array  or  with  a  photomultiplier  in  an  integral  mode. 

The  thermoluminescence  from  a  sample  that  has  been  exposed  to  resonant  light 
at  1 .5  K  is  measured  while  the  sample  is  heated  to  20K.  The  spectra  are  shown  in  Fig.  5 
and  demonstrate  the  same  spectral  features  seen  in  the  hole  burning  experiments.  The 
emission  spectra  shift  with  the  burning  light  energies.  Furthermore,  two  TO  phonon 
onsets  are  seen  as  well.  These  TO  phonon  replicas  are  seen  better  in  the  first  derivative 
of  the  thermoluminescence  spectrum  (inset  of  Fig.5).  The  presence  of  a  weak  anti- 
Stokes  thermoluminescence  at  energies  above  the  burning  energy  indicates  that  a  part  of 
the  carriers  is  ejected  via  Auger  process  to  crystallites  with  higher  bandgaps.  According 
to  our  estimates  the  total  number  of  photons  emitted  during  the  heating  procedure  is 
roughly  equal  to  the  number  of  photodegraded  nanocrystals.  The  spectrally-integrated 
thermoluminescence  signal  measured  at  a  constant  heating  rate  has  a  broad  temperature 
distribution  from  1.5K  to  300K  with  a  maximum  around  150  K.  Following  the 
procedure  described  in  [19]  we  deduce  an  average  activation  energy  of  300  meV.  This 
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energy  is  in  a  good  agreement  with  measured  energy  positions  of  surface  traps  in  porous 
silicon  [20].  It  is  slightly  smaller  than  the  activation  energy  of  the  DC  transport  (about 
0.5  eV)  [21]. 

The  fact  that  the  hole  burnt  at  low  temperatures  persists  for  a  few  hours  and  that 
heating  can  cause  thermoluminescence  has  important  implication  for  the  understanding 
of  the  mechanism  of  PS  luminescence.  In  several  of  the  suggested  models  for  the  PL,  it 
is  argued  that  electrons  and  holes,  optically  excited  in  the  core  of  the  nanocrystal,  relax 
in  energy  to  different  types  of  localized  states,  from  which  they  recombine  radiatively. 
The  relaxation  energy  is  assumed  to  be  about  0.3-0.5  eV,  thus  explaining  the  Stokes 
shift  of  the  non-resonantly  excited  PL.  Indeed  such  trap  states  can  exist  as  it  is  evident 
from  the  thermoluminescence  data.  However,  the  lifetime  of  captured  carriers  is  very 
long  (of  the  order  of  tens  hours  at  low  temperatures).  Radiative  recombination  between 
these  states  is  impossible  at  low  temperatures,  and  thus  the  light  emission  can  not 
involve  such  transitions.  The  hole  burning  spectra  clearly  show  that  Stokes  shift 
between  absorbing  and  luminescing  states  is  only  due  to  the  exchange  splitting  of  the 
absorbing  and  luminescing  exciton  states  confined  in  Si  nanocrystals. 

To  summarize,  we  have  demonstrated  that  Auger  non-radiative  processes  result 
in  spectral  hole  burning  in  the  PL  of  PS.  At  low  temperatures  the  hole  can  persist  for 
long  times,  and  its  healing  is  accompanied  by  thermoluminescence.  The  presence  of  two 
phonon  steps  as  a  general  feature  in  all  these  phenomena  allows  us  to  conclude  that  the 
luminescence  of  porous  Si  arises  from  radiative  transitions  between  quantum  confined 
indirect  exciton  states  inside  the  Si  nanocrystals. 
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Pump  Intensity  (W/cm2) 


Figure  1:  The  intensity  of  the  PL  induced  by  probe  beam  as  a  function  of  the  pump 
beam  intensity.  Triangles:  fccopump  =  1.946  eV,  fccodet  =  1.879  eV.  Squares:  ficopuntp  =  2.54 
eV,  fr(Qdet  =  1.77  eV.  Solid  lines  are  fits  to  Eq.  1. 
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Figure  2:  A  comparison  between  the  spectral  dependence  of  the  suppression  of  the  non- 
resonantly  excited  PL  by  a  pump  beam  (solid  squares)  and  the  resonant  PL  of  PS  at  the 
same  excitation  energy  (solid  line).  The  laser  energy  is  shown  by  arrow. 


Figure  3:  Persistent  hole  burning  spectra  of  PS  luminescence  for  different  resonant  light 
soaking  time  (solid  lines).  The  illumination  exposure  times  are  3,  10,  40,  100,  220  and 
400  minutes,  respectively.  For  comparison  the  initial  PL  spectrum  is  also  shown  (dashed 
line). 
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Figure  4:  Detailed  PL  spectrum  in  the  vicinity  of  the  burning  laser  energy.  The  energy 
position  of  Si  momentum-conserving  TO-phonons  with  account  for  the  exchange  gap  is 
indicated  by  arrows. 


Figure  5:  Thermoluminescence  spectra  (heating  range  is  1.5-20  K)  measured  after 
spectral  hole  burning  at  different  energies  (shown  by  arrows).  Inset:  The  first  derivative 
of  one  of  the  spectra.  A  better  discrimination  of  the  TO  phonon-related  structure  is 
possible. 
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ABSTRACT 

We  report  on  the  photoluminescence  properties  of  nanocrystalline  porous 
silicon  in  presence  of  an  external  magnetic  field.  As  a  result  of  the  Zeeman 
splitting  of  the  exciton  ground  level  the  spectroscopic  gap  between  the  ex¬ 
citation  and  photoluminescence  onset  energies  increases  linearly  with  mag¬ 
netic  field,  and  spectral  features  due  to  momentum  conserving  phonons  are 
following  the  shift  towards  lower  energy.  The  photoluminescence  lifetimes 
in  the  presence  of  the  magnetic  field  become  longer.  The  effect  is  stronger 
for  smaller  exciton  confinement  energies  when  the  value  of  the  Zeeman 
splitting  is  comparable  with  the  electron-hole  exchange  interaction  splitting 
term.  Our  experimental  results  confirm  the  exciton  nature  of  the  luminesc¬ 
ing  states  responsible  for  the  light  emission  from  porous  silicon. 


The  detailed  nature  of  photoexcited  luminescing  state  in  porous  Si  has  been  de¬ 
bated  for  some  time  in  the  literature.  While  evidence  in  favor  of  the  picture  of  a  quan¬ 
tum-confined  exciton  in  the  Si-bandstructure,  as  originally  and  consistently  proposed  by 
the  group  of  researchers  around  L.  Canham  [1-3],  has  been  accruing,  a  definitive  ex¬ 
periment  that  allows  one  to  access  relevant  microscopic  parameters  of  the  electronic 
state  has  been  lacking.  Magneto-optical  spectroscopy  is  a  most  powerful  tool  for  such 
an  investigation  and  has  been  widely  applied  to  other  low-dimensional  structures.  A 
magnetic  field  is  capable  in  principle  of  probing  both  the  spin  and  orbital  characteristics 
of  the  state.  It  can  decisively  influence  the  energies,  relaxation  lifetimes  and  polarization 
characteristics  of  the  luminescence. 

In  spite  of  several  attempts  cited  in  the  literature  [4,5]  to  observe  an  influence  of 
the  magnetic  field  on  the  porous  Si  luminescence,  no  conclusive  results  have  been  ob¬ 
tained.  Contrary  to  the  case  of  other  quantum  dot  materials  [6]  the  fabrication  of  porous 
Si  yields  nanoparticles  with  a  wide  range  of  sizes  and  shapes.  The  electrochemical  ano¬ 
dization  generates  a  significant  fraction  of  oxide  or  hydride  material  in  boundary  layers. 
The  result  is  a  photoluminescence  (PL)  line  that  is  inhomogeneously  broadened  by  hun¬ 
dreds  of  meV  and  whose  origin  has  been  attributed  variously  to  molecular  complexes 
in  the  boundary  layers  [7],  to  surface-layer  modified  Si-sates  in  which  the  electron  and 
hole  are  partly  separated  in  the  particle  [8],  and  the  aforementioned  Si-exciton  in  a 
bounded  geometry  [1]. 
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Because  magnetic  energies  for  a  10  T  laboratory  field  and  a  g-factor  in  the  vi¬ 
cinity  of  2  are  of  the  order  of  1  meV  (compared  to  a  line  width  of  300-400  meV)  it  is 
necessary  to  use  low  temperatures  and  the  resonant  excitation  technique  to  generate 
sharp  spectral  features  on  the  PL  curve.  We  remind  the  reader  of  the  well-studied  pho¬ 
non  replica  and  point  to  recent  work  where  the  use  of  selective  excitation  spectroscopy 
on  the  low  energy  side  of  the  PL  line  (the  latter  centered  at  an  energy  only  0.3  eV  above 
the  Si  bulk  band-gap)  has  yielded  sharp,  resonance-like  phonon  replica  peaks  in  the 
spectra  [2,9].  Using  these  one  has  no  difficulty  at  all  in  observing  a  significant  influence 
of  the  magnetic  field  on  basic  emission  characteristics  of  porous  Si. 

According  to  the  Si-exciton  model  [1  -3]  there  exist  two  spin-states  for  the  photo- 
excited  Coulomb-bound  electron-hole  complex.  The  optically-allowed  singlet  state  (S) 
has  a  short  lifetime  (~psec)  and  lies  in  energy  above  a  partly  forbidden,  long-lived 
(~msec)  triplet  state  (T),  The  singlet-triplet  splitting  Ast  separating  these  states  is  a  con¬ 
finement-dependent  exchange  energy.  Calcott  identified  and  measured  this  energy  from 
the  value  of  a  gap  in  the  PL  under  resonant  excitation  conditions  [2].  The  temperature 
dependence  of  the  PL  lifetime  is  quantitatively  described  at  low  temperatures  by  this  2- 
level,  singlet-triplet  model  [2,10]. 

The  magnetic  field  can  provide  an  essential  test  of  the  exciton  hypothesis,  meas¬ 
ure  the  g-factor  of  the  triplet  state  and  allows  one  to  verify  the  lifetime  mechanism.  If, 
as  in  the  schematic  of  Fig.  1,  the  spectroscopic  gap  Ast  separates  a  low-lying  triplet 
(S  =  1)  from  the  singlet  (S  =  0)  that  is  photoexcited  via  the  transition  (broken  arrow  up) 
the  application  of  a  field  B  will  split  this  ground  state  due  to  the  Zeeman  effect.  For 
temperatures  such  kBT«Asi,  gpBB  all  PL  emission  will  occur  from  the  lowest  member 
of  the  triplet.  The  spectrum  should  shift  to  lower  energy  linearly  with  rising  B  (emis¬ 
sion,  broken  arrow  down).  The  separation  of  PL  onset  and  excitation  energy  is  Ast(B)  = 
AsT+gUsB.  In  a  second  regime  where  kBT~AsT~giiBB  we  may  expect  major  changes  in 
the  decay  time  of  PL  because  of  redistribution  of  the  thermal  population  between  the 
states  with  B. 

We  use  resonant  excitation  at  low  T  to  introduce  sharply  defined  features  in  the 
spectrum  analogous  to  Calcott  et  al  [2].  The  sample  used  for  the  data  of  Fig.  1  is  con¬ 
ventional  porous  Si  (PL  peak  energy  at  1.7eV)  prepared  by  anodic  electrochemical 
etching  [11].  The  excitation  is  via  a  dye  laser.  The  light  is  guided  to  and  from  sample 
via  fiber  optics.  A  superconducting  solenoid  provides  fields  up  to  12  T.  The  detector  is  a 
SiCCD  array,  a  photomultiplier  or  a  Ge-detector  with  time  resolution  of  50  (is.  The 
temperature  T  can  be  varied  between  2  and  200  K. 

The  spectra  in  Fig.  1  are  for  excitation  at  2.006  eV.  At  B  =  0  T  we  record  the 
spectroscopic  gap  of  about  7  meV  in  agreement  with  Calcott  [2].  Increasing  the  field  B 
up  to  1 1 .5  T  we  record  an  approximately  linear  displacement  of  the  curves  to  lower  en¬ 
ergy.  Averaging  over  such  data  and  in  particular  correcting  for  the  small  and  consistent 
tendency  of  the  PL  intensity  to  decrease  (this  is  a  known  degradation  effect  that  slowly 
reduces  the  overall  PL  during  the  6  hours  of  measurement)  we  arrive  at  a  shift  of 
~120|ieV/T.  Other  characteristics  of  the  overall  PL  spectrum  such  as  the  amplitude  of 
the  phonon  replica  steps,  the  PL  peak  position  and  intensity,  as  well  as  the  lifetime  re- 
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main  unaffected  by  the  magnetic  field.  The  linear  shift  of  the  curves  in  Fig.l  is  identical 
for  Faraday  and  Voigt  geometries.  It  does  not  depend  on  the  excitation  energy. 

The  limit  of  As-H^T,  gpBB  is  best  explored  in  samples  for  which  the  nanoparti¬ 
cles  luminesce  is  closer  to  the  Si-band-gap  energy.  Using  a  Ti:Sapphire  laser  as  an  ex¬ 
citation  source  and  samples  prepared  to  have  their  PL  peak  at  energies  near  1.5eV,  very 
sharp  and  reproducible  phonon  features  are  found  under  resonant  excitation  conditions. 

Figure  2  shows  a  resonantly  excited  PL  spectrum  excited  at  the  low  energy  end 
of  the  distribution  of  emission  energies.  The  energy  Ast  is  not  resolved  here  (the  re¬ 
duced  confinement  implied  by  the  lower  energy  of  luminescence  leads  to  a  lower  value 
of  the  exchange  energy  that  separates  the  S  and  T  states.  Moreover  at  T  =  4.2  K  an  ap¬ 
preciable  fraction  of  the  transitions  take  place  via  S),  but  the  spectral  replicates  of  mo¬ 
mentum  conserving  TO  and  TA  phonons  are  very  sharply  developed  and  allow  to  be 
traced  while  applying  a  magnetic  field.  A  magnification  of  the  marked  phonon  features 
is  shown  in  figure  3.  The  figure  shows  a  succession  of  PL  intensity  curves  for  field 
strengths  increasing  in  appropriate  steps.  Both  features  shift  parallel  and  again  linearly 
with  the  field  to  lower  energy.  One  can  trace  in  the  same  way  the  shift  of  the  TO+TA 
feature.  When  all  of  these  are  combined  there  results  the  plot  of  Fig.  4.  The  averaged 
slope  is  0.12±0.01  meV/T.  At  low  field  the  data  points  vary  more  slowly.  For  0-2  T  the 
shift  is  more  nearly  parabolic  for  the  data  of  Fig.  4  (solid  points).  Because  of  the  small 
ASt  (estimated  as  ~2  meV)  and  T  s  4.2  K  some  transitions  take  place  via  the  S  state. 
With  rising  B  the  splitting  Ast(B)  increases  and  the  linear  dependence  applies  as  more 
and  more  luminescent  transitions  proceed  from  the  T  state.  With  rotation  of  the  mag¬ 
netic  field  in  the  sample  plane  there  is  no  discernible  shift  in  the  slope.  We  conclude 
that  there  is  no  dependence  on  the  crystal  axes.  The  same  slope  applies  in  Voigt  and 
Faraday  configurations. 

The  model  description  of  the  PL  relaxation  rate  involves  a  fast  lifetime  through 
the  S  state,  a  slower  one  from  T.  The  observed  time  depends  on  the  relative  populations. 
A  magnetic  field-dependent  lifetime  will  be  observed  when  the  field  B  significantly 
changes  the  relative  populations  of  S  and  T.  This  applies  for  small  Ast  and  hence  PL 
energies  near  the  Si  band-gap.  For  bulk  Si  the  splitting  has  been  estimated  as 
ASt~  150  peV  [12].  In  the  weak  confinement  limit  with  PL  detected  at  1.19  eV  (as  in 
Fig.  5)  the  magnetic  shift  of  the  triplet  state  by  ±1  meV  should  bring  about  major 
changes  in  the  lifetime  at  4.2  K.  This  is  indeed  observed.  The  decay  appears  monoexpo¬ 
nential  over  the  entire  range  and  changes  decisively  with  B.  The  inset  of  Fig.  5  shows 
the  behaviour  of  the  PL  lifetime  at  a  fixed  temperature  of  4.2  K  and  a  varying  magnetic 
field.  For  kBT  ~  300  peV  the  PL  decay  time  is  significantly  longer  at  B  =  10  T  due  to  a 
shift  of  the  thermal  equilibrium  towards  the  slow,  lowest  triplet  state.  At  higher  tem¬ 
peratures  the  effect  vanishes,  because  all  participating  levels  are  then  equally  populated. 
At  very  thermal  energy  predominantly  the  slow  ground  state  is  populated  and  thus  the 
magnetic  field  induced  enhancement  of  the  PL  lifetime  becomes  weaker.  We  follow  [2] 
in  modeling  the  decay  based  on  singlet  time  xs  and  a  triplet  time  xT.  The  relative  occu¬ 
pations  are  taken  from  a  Boltzmann  distribution  with  statistical  weighting  of  1  and  3  for 
these  levels.  The  data  points  nicely  fit  the  model  variation  in  Fig.  5  for  relevant  range  of 
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B  and  T  (parameters  are  tt  =  12  ms,  xs  =  0.75  ms,  Ast  =  0.5  meV  and  EZecman  =  0.12 
meV/T).  The  solid  line  in  the  inset  is  a  fit  based  on  the  same  set  of  parameters. 

Contrary  to  the  CdSe  quantum  dot  system  [13]  where  the  B-field  changes  the 
relaxation  rate  of  the  triplet  state,  the  Si  case  studied  here  involves  the  population 
changes  mainly.  The  reason  is  the  comparatively  weak  spin-orbit  coupling  energy  in  Si. 
For  CdSe  the  main  effect  is  a  field-dependent  change  of  coupling  and  admixture  of  S 
and  T  in  the  ground  state. 

The  observations  of  a  magnetic-field  dependent  energy  shift  linear  in  field  (Fig. 
1,  3,  4)  and  the  influence  of  B  on  the  lifetime  as  in  Fig.  5  leave  us  to  conclude  that  we 
are  dealing  with  the  spin-dynamics  of  an  excitonic  state.  The  ground  state  is  a  triplet 
with  a  significant  Ast  even  in  the  low  confinement  limit.  The  value  0.5  meV  is  larger 
than  that  for  bulk  Si,  probably  because  of  reduced  screening  in  the  porous  medium  for 
which  the  dielectric  constant  of  order  3-4  applies.  There  is  no  way  to  make  a  consistent 
picture  of  the  energy  shift  or  lifetime  changes  with  B  in  terms  of  a  model  of  the  porous 
Si  PL  where  the  electron  and  hole  are  separated  in  a  surface  potential.  Together  with  the 
now  well  established  fact  that  the  PL  of  hydrided  porous  Si  can  be  continuously  tuned 
to  the  Si-band-gap  in  small  incremented  step  [14]  and  that  the  phonon-resonances  relate 
to  Si  momentum-conserving  phonons  in  the  expected  way  [9],  there  is  no  other  way  to 
account  for  the  dominant  light  emission  of  porous  Si.  The  exciton  picture  in  a  quantum- 
confined  geometry  in  Si  gives  a  correct  description. 

There  is  no  evidence  in  the  magneto-spectroscopy  experiment,  even  in  the  low 
confinement  limit  with  the  PL  energy  only  -100  meV  above  the  band-gap,  of  diamag¬ 
netic  energy  shifts  that  vary  quadratically  with  field.  The  orbital  effects  in  terms  of 
compression  of  the  wave  function  in  a  field,  or  the  breakup  of  the  exciton  in  favor  of 
the  independent  cyclotron  motion  of  the  electron  and  hole,  are  not  observed.  It  follows, 
that  the  calculation  of  the  size-effect  in  terms  of  an  independent  particle  picture  where 
the  electron  and  hole  separately  and  independently  move  in  a  confining  potential,  is  not 
adequate  even  in  this  limit  where  the  size-effect  induced  shifts  are  only  of  order 
100  meV.  The  excited  state  is  an  exciton  in  which  the  electron  and  hole  are  bound  by 
the  Coulomb  interaction  with  a  strength  that  exceeds  relevant  orbital  magnetic  energies 
which  at  1 1.5  T  are  of  order  5  meV.  In  the  absence  of  orbital  and  diamagnetic  effects, 
the  magnetospectroscopy  results  for  magnetic  fields  up  to  11.5  T  are  accounted  for 
solely  by  the  Zeeman  splitting  of  the  spin-state  of  the  coupled  electron  and  hole  as 
shown  in  this  account. 
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Figure  1:  Onset  of  resonantly  excited  PL  at  different  magnetic  fields.  From  right  to  left 
the  field  strength  was  0,  4,  8  and  1 1.5  T.  For  higher  magnetic  fields  the  PL  onset  shifts 
towards  lower  energy.  Inset:  The  excitation  creates  the  exciton  in  the  upper  lying,  opti¬ 
cally  allowed  spin-singlet  state.  After  a  fast  spin-flip  the  PL  emission  occurs  from  the 
lowest  possible  triplet  state,  which  shifts  to  lower  energy  due  to  the  Zeeman-splitting. 
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Figure  2:  Resonant  photoluminescence  excited  at  the  low  energy  end  of  the  distribution 
of  PL  emission  energies.  Arrows  show  the  spectral  position  of  momentum  conserving 
TO  and  TA  phonon  replicates.  The  sharpness  of  these  features  allows  to  trace  a  mag¬ 
netic  field  shift  of  order  1  meV.  The  rectangularly  marked  features  are  shown  enlarged 
in  Fig.  3. 
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Figure  3:  Magnification  of  the  marked  phonon  features  of  Fig.  2  for  magnetic  fields 
between  0  and  11 T.  Like  seen  for  the  PL  onset  in  Fig.  1  both  features  are  shifting  to¬ 
wards  lower  energy  with  rising  magnetic  field. 
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Figure  4:  Analysis  of  the  spectral  position  of  the  PL  onset  from  Fig.  1  and  the  phonon 
features  shown  in  Fig.  2  under  magnetic  field  influence.  All  features  are  shifting  linearly 
and  parallel  towards  lower  energy  with  rising  magnetic  field.  The  straight  over  the  data 
of  the  1TO  feature  has  a  slope  of  120  peV/T  corresponding  to  a  exciton-spin-g-factor 
of  approx.  2.1. 
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Figure  5:  Dependence  of  the  PL  lifetime  on  temperature  and  for  zero  and  10  T  magnetic 
field  measured  at  1.19  eV  detection  energy.  The  inset  shows  the  PL  lifetime  at  a  con¬ 
stant  temperature  of  4.2  K  and  variable  magnetic  field.  All  solid  lines  are  produced  by 
one  fit  based  on  Boltzmann  statistics  assuming  a  singlet-triplet  splitting  of  0.5  meV  and 
a  strength  of  the  Zeeman  splitting  of  110  peV/T.  The  lifetimes  of  the  singlet  and  the 
triplet  state  are  750  ps  and  12  ms,  respectively. 
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ABSTRACT 

We  report  a  principle  that  allows  writing  visible  light  emitting  semiconduc¬ 
tor  patterns  of  arbitrary  shape  down  to  the  sub-micrometer  scale.  We  dem¬ 
onstrate  that  porous  semiconductor  growth  can  be  electrochemically  initi¬ 
ated  preferentially  at  surface  defects  created  in  an  n-type  substrate  by  Si++ 
focused  ion  beam  bombardment.  For  n-type  material  in  the  dark,  the 
electrochemical  pore  formation  potential  (Schottky  barrier  breakdown  volt¬ 
age)  is  significantly  lower  at  the  implanted  locations  than  for  an 
unimplanted  surface.  This  difference  in  the  threshold  voltages  is  exploited 
to  achieve  the  selectivity  of  the  pore  formation  process.  Visible  light  emit¬ 
ting  patterns  of  porous  Si  and  GaAs  have  been  created  in  this  way.  At  present, 
the  size  of  the  structures  is  limited  only  by  the  diameter  of  the  writing  ion 
beam,  and  pattern  diameters  in  the  50-200-nm  range  are  possible. 


I.  INTRODUCTION 

Silicon  is  technologically  the  most  important  semiconductor  material.  However, 
applications  in  semiconductor  photonics  appeared  unlikely  due  to  its  indirect  elec¬ 
tronic  band  gap  [1].  Therefore,  the  discovery  of  electrochemically  formed  visible  light 
emitting  porous  Si  [2]  has  recently  stimulated  intense  research  activity  [3].  The  main 
reason  for  this  tremendous  interest  is  the  prospect  of  light  emitting  devices  (LEDs) 
made  of  porous  Si  [1,4]. 
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Here  we  report  a  principle  [5,6]  that  allows  writing  visible  light  emitting  semi¬ 
conductor  patterns  of  arbitrary  shape  down  to  the  sub-micrometer  scale.  Porous  semi¬ 
conductor  growth  can  be  electrochemically  initiated  preferentially  at  surface  defects 
created  in  an  n-type  substrate  by  Si++  focused  ion  beam  (FIB)  bombardment.  For  n- 
type  material  in  the  dark,  the  electrochemical  pore  formation  potential  (Schottky 
barrier  breakdown  voltage)  is  significantly  lower  at  the  implanted  locations  than  for 
an  unimplanted  surface.  This  difference  in  the  threshold  voltages  is  exploited  to 
achieve  the  selectivity  of  the  pore  formation  process. 

Prior  approaches  to  patterning  porous  Si  include:  Ga  ion  implantation  followed 
by  an  anisotropic  wet  etch  process  [7];  a  lithographic  process  using  a  silicon  nitride 
mask  and  electrochemical  polarization  [8];  light  induced  carrier  generation  in  n-type 
material  together  with  electrochemical  polarization  [9];  an  ion  implantation  process 
(both  masked  and  maskless)  to  dope  and  amorphize  silicon,  which  suppresses 
anodization  (negative  pattern)  [10];  and  by  an  ion  milling  process  to  create  surface 
defects,  which  enhance  the  etch  (or  anodization)  rate  in  the  milled  areas  [8].  In  con¬ 
trast  to  these  processes,  we  implant  Si++  ions  to  avoid  any  doping  effect  in  Si  wafers, 
implant  the  ions  at  a  sufficiently  high  energy  to  avoid  surface  sputtering  effects,  and 
use  a  maskless  selective  electrochemistry  technique  that  produces  porous  Si  only  in 
the  implanted  regions. 


II.  EXPERIMENT 

The  ions  were  implanted  into  n-type  Si  and  GaAs  (100)  wafers  (doped  with  SxlO15 
cm  3  As  and  2.5 xlO17  cm  3  Si,  respectively)  at  room  temperature  using  a  100  kV  JEOL 
104UHV  FIB  system.  Si ++  ions  at  200  keV  were  selected  from  the  AuSi  ion  beam  us¬ 
ing  an  ExB  mass  filter.  The  nominal  beam  width  was  100  nm.  Patterns  comprised  of 
squares  50x50  /un2  and  alphabetic  characters  were  implanted  with  ion  doses  from 
3X1013  to  3xl016  ions/cm2.  The  patterns  could  be  observed  in  an  optical  microscope 
or  a  scanning  electron  microscope  (SEM)  after  implantation,  but  before  polarization, 
for  doses  exceeding  1  x  1015  ions/cm2.  This  may  be  attributed  to  amorphization  of  the 
substrate  and/or  to  defect-induced  surface  bulging. 

The  implanted  samples  were  electrochemically  polarized  in  20%  HF  for  Si  and  1 
M  HC1  for  GaAs  using  a  staircase  potential  sweep,  in  steps  of  10  mV  every  5  s  (for  Si) 
or  every  2  s  (for  GaAs)  in  the  anodic  direction  (further  details  can  be  found  in  Refs. 
5,  6,  and  11).  The  potentials  were  measured  with  respect  to  a  saturated  calomel  elec¬ 
trode  (SCE).  This  process  was  done  in  the  dark  to  avoid  light-induced  carrier  genera¬ 
tion  in  the  sample.  Under  these  conditions  (similar  to  the  diode  behaviour  of  a  p-n 
junction  under  reverse  bias),  the  holes  (h+)  necessary  in  the  case  of  Si  for  Si0  oxida¬ 
tion  and  dissolution  as  (SiF6)2‘,  only  become  sufficiently  available  at  the  Si  surface  at 
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the  potential  where  Schottky  barrier  breakdown  occurs  [5].  A  similar  process  occurs 
in  GaAs  [12],  After  the  formation  of  the  porous  structures,  the  samples  were  inten¬ 
sively  rinsed  with  deionized  water,  and  then  blown  dry  in  an  argon  stream. 

The  room  temperature  photoluminescence  (PL)  of  the  samples  was  excited  with 
15  mW  of  457.9-nm  argon  laser  light,  dispersed  with  a  Spex  14018  double 
spectrometer,  and  detected  with  a  cooled  RCA  31034A  GaAs  photomultiplier.  Scan¬ 
ning  electron  micrographs  were  acquired  using  a  JEOL  840A  SEM  equipped  with  a 
Digiscan  image-acquisition  archiving  system. 


III.  RESULTS 


A.  Pore  formation 

Figure  1  shows  a  polarization  curve  of  an  n-type  GaAs  (100)  sample  in  1  M  HC1. 
The  potential  region  with  a  blocking  characteristic  (low  current  flow),  typical  of  n- 
type  material/electrolyte  junction  in  the  dark,  is  obtained  in  the  anodic  direction  up 
to  a  potential  of  approximately  3.1  V.  At  higher  potentials  a  steep  current  increase  is 
observed  and  previous  investigations  showed  that  at  this  potential  the  first  pores  are 
formed  in  the  material  [13].  Therefore,  this  potential  value  is  called  the  pore  forma¬ 
tion  potential  (PFP). 

Also  included  in  Fig.  1  is  a  polarization  curve  of  a  sample  that  was  scratched  with 
a  diamond  scribe.  The  scratch  is  only  several  millimetres  long,  but  a  significant  in¬ 
crease  in  the  current — of  more  than  a  decade — is  obtained  at  approximately  1.2  V; 
i.e.,  this  sample  shows  an  initial  PFP  significantly  lower  than  that  of  the  intact  sam¬ 
ple.  The  inset  in  Fig.  1  shows  an  SEM  image  of  the  surface  of  a  scratched  sample  po¬ 
larized  to  2.5  V  (i.e.,  below  the  PFP  of  an  intact  sample).  The  image  reveals  that  pore 
formation  took  place  only  in  the  region  of  the  scratch.  The  rest  of  the  surface  re¬ 
mained  intact.  Hence,  dissolution  processes  occurred  only  locally  at  the  scratch  and 
the  additional  current  flow,  compared  with  an  intact  sample,  must  be  attributed  to 
this  surface  location.  These  very  high  local  current  densities  indicate  that  Schottky 
barrier  breakdown  is  facilitated  at  surface  defects. 

More  controlled  local  defect  generation  can  be  achieved  by  using  FIB  implanta¬ 
tion.  This  is  shown,  for  example,  in  Fig.  2,  which  gives  a  typical  current/voltage  char¬ 
acteristic  for  a  reference  (nonimplanted)  n-type  Si  sample  in  20%  HF.  Starting  from 
the  open  circuit  potential,  with  an  increasing  potential  the  current  increases  up  to  a 
plateau  region.  In  this  region,  the  current  is  controlled  by  electrons  that  overcome 
the  charge  carrier  depletion  region  (Schottky  barrier)  at  the  semiconductor/electro¬ 
lyte  interface  by  thermal  activation.  At  a  potential  of  approximately  3.8  V,  the  cur¬ 
rent  steeply  increases.  In  this  region,  local  dissolution  processes  occur  on  the  Si  sur¬ 
face  which,  after  extended  polarization,  lead  to  a  porous  surface.  There  are  several 
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factors  that  influence  the  PFP  such  as  the  concentration  of  the  anion  in  the  electro¬ 
lyte  or  the  temperature.  The  predominant  factors  are,  however,  the  conduction  type 
and  doping  concentration  of  the  substrate,  as  expected  from  the  Schottky  approach. 

The  defects  created  by  the  FIB  have  a  drastic  effect  on  the  PFP.  This  is  clear  from 
the  second  curve  included  in  Fig.  2,  which  shows  a  polarization  curve  acquired  with 
a  microelectrode  pipette  (0=300  ^m2)  that  was  placed  on  a  50x50-^m  implanted 
square  (dose  of  3x10 14  cm*2).  In  this  case,  a  first  significant  current  increase  appears 
at  +0.25  V.  Although  the  implanted  area  is  only  about  37o  of  the  total  area  exposed  to 
the  electrolyte,  the  current  density  in  the  plateau  region  is  more  than  a  decade  higher 
than  for  the  reference  sample.  Hence,  the  effective  current  density  in  the  implanted 
region  is  about  300  times  higher  than  on  the  intact  Si  surface;  i.e.,  it  becomes  com¬ 
parable  to  current  densities  observed  with  the  reference  sample  above  its  PFP.  Figure 
3  shows  an  optical  micrograph  of  a  polarized  sample  where  letters  were  written  with 
the  FIB  at  a  dose  of  3xl014  cm  2,  The  letters  show  the  typical  porous  Si  interference 
colours  ranging  from  red  to  green.  The  letter  R  was  obtained  with  a  single  FIB  scan, 
which  resulted  in  a  linewidth  of  approximately  200  nm.  Figure  4(a)  shows  an  SEM 
micrograph  of  a  square  implanted  with  the  same  dose  (3x10 14  cm*2)  and  identically 
treated.  From  Fig.  4(b),  it  is  apparent  that  porous  Si  has  been  formed  within  the  square. 
The  surrounding  area  is  completely  unattacked. 

B.  Photoluminescence 

The  PL  spectrum  shown  in  Fig.  5  was  measured  with  an  argon  laser  beam  focused 
in  the  centre  of  the  50-/an  square  of  Fig.  4.  The  PL  spectrum  peaks  at  655  nm  in  the 
orange-red  region  of  the  spectrum  and,  in  width  and  wavelength  position,  is  typical 
of  the  PL  response  of  porous  Si  [3j.  The  band  shape  shows  irregularities  that  can  be 
attributed  to  nanoscopic  nonuniformities  in  the  material  porosity.  Electrochemically 
treated  areas  next  to  the  implanted  patterns  were  investigated  as  a  reference  and,  in 
every  case,  the  unimplanted  areas  showed  the  spectral  behaviour  of  a  clean  Si  sur¬ 
face  (no  light  emission  in  the  visible  range)  as  did  implanted  areas  not  yet 
electrochemically  treated.  This  clearly  indicates  that  the  electrochemical  formation 
of  porous  Si  is  responsible  for  the  PL  observed  and  not  lattice  defects  or 
amorphization  created  by  the  implantation. 

In  Si,  the  highest  PL  intensity  was  observed  from  the  sample  implanted  with  a 
dose  of  3xl014  cm*2  and  polarized  to  3.5  V  (Fig.  5).  Other  conditions  led  to  signifi¬ 
cantly  lower  PL  intensities.  The  PL  intensity  and  morphology  of  the  samples  were 
correlated,  in  that  the  sample  with  the  highest  amount  of  porosity,  having  feature 
sizes  in  the  nanoscopic  range,  gave  the  highest  PL  intensity.  This  is  consistent  with  a 
quantum  confinement  explanation  for  the  red  PL  of  porous  Si  [1,3]. 

In  GaAs,  similar  results  were  obtained.  Figure  6  shows  a  PL  spectrum  taken  within 
the  attacked  square  of  a  sample  implanted  with  IxlO15  ions  cm*2  and  polarized  to  3 
V,  and  a  reference  spectrum  of  the  GaAs  (100)  surface  next  to  the  square.  For  the 
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spectrum  taken  on  the  unimplanted  part  of  the  sample,  an  intense  PL  peak  is  ob¬ 
served  at  approximately  860  nm  as  expected  for  bulk  GaAs  (the  sharp  cutoff  to  higher 
wavelength  is  due  to  the  photomultiplier  response).  The  spectrum  taken  within  the 
square  shows  an  additional  broad  green-yellow  band,  peaked  at  approximately  540 
nm.  This  spectral  behaviour  is  consistent  with  previous  work  on  porous  GaAs  [14]. 
For  samples  polarized  to  1  and  2  V,  no  green  PL  peak  was  observed  for  any  implanta¬ 
tion  dose.  For  a  sample  polarized  to  3  V,  the  squares  with  dosages  between  3xl014 
ions  cm  2  and  3X1015  ions  cm'2  showed  a  significant  green  PL  peak.  The  fact  that  for 
higher  doses  a  nonuniform  large-shape  etching  morphology  occurred,  which  did  not 
result  in  green  PL,  is  consistent  with  an  explanation  for  the  visible  PL  in  terms  of  a 
quantum  confinement  model,  as  postulated  in  earlier  work  [14,15]. 

At  present,  although  visible  to  the  eye,  the  PL  intensity  observed  in  both  Si  and 
GaAs  is  relatively  weak  when  compared  to  the  “bulk"  porous  material  and,  therefore, 
further  optimization  of  the  formation  parameters  is  needed.  However,  it  is  notewor¬ 
thy  that  this  process  has  the  potential  to  write  nanostructures  in  the  50-200-nm 
range,  depending  on  the  diameter  of  the  writing  ion  beam. 


IV.  CONCLUSIONS 

In  conclusion,  we  have  shown  how  to  produce  laterally  confined  light-emitting 
Si  or  GaAs  by  a  direct  FIB  writing  process.  We  clearly  demonstrate  that  a  creation  of 
surface  defects  followed  by  an  electrochemical  “development”  treatment,  tailored  to 
trigger  dissolution  at  defects,  can  be  used  to  form  visible  light-emitting  porous  Si  or 
GaAs  selectively.  At  present,  the  size  of  the  structures  appears  to  be  limited  only  by 
the  diameter  of  the  writing  ion  beam.  Thus  patterns  in  the  50-200-nm  range  seem 
quite  possible. 

Recently,  electroluminescent  devices  based  on  large-scale  porous  Si  structures 
have  been  reported  [4].  The  process  described  here  could  facilitate  a  drastic  shrink¬ 
age  in  the  dimensions  of  such  devices  and  hence  could  be  a  basis  for,  or  part  of,  a 
process  leading  to  extremely  high-resolution  optoelectronic  applications. 

Additionally,  the  above  findings  show  that  surface  lattice  defects  represent  cen¬ 
tres  of  enhanced  dissolution,  and  hence  represent  the  initiation  site  for  pore  forma¬ 
tion,  when  conditions  are  established  where  Schottky  barrier  breakdown  is  the  rate¬ 
determining  step  for  the  surface  dissolution  reaction. 
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Figure  1 .  Current-voltage  (polarization)  curve  of  n-type  GaAs  (100)  in  1  M  HCI  (solid 
line)  and  a  polarization  curve  acquired  with  a  sample  that  was  intentionally  scratched 
(dashed  line).  The  curves  were  acquired  in  the  dark.  The  inset  shows  the  morphology 
of  a  scratched  sample  after  polarization  from  -0.5  to  2.5  V. 
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Figure  2.  Current-voltage  (polarization)  curve  of  n-type  Si  (100)  in  20%  HF  (solid  line) 
and  the  polarization  curve  acquired  with  a  0=300  fim  capillary  electrode  on  a  50-^m 
square  implanted  with  3xl014  cm  2  Si++  (dashed  line).  The  curves  were  acquired  in 
the  dark. 


Figure  3.  Optical  micrograph  of  porous  Si  letters  produced  by  3xl014  cm  2  Si4*  FIB 
implantation  in  n-type  Si  (100)  and  subsequent  electrochemical  polarization  in  20% 
HF  from  -0.5  V  to  3.5  V.  The  R  in  NRC  was  outlined  with  a  single  (100-nm-wide)  FIB 
line;  the  rest  of  the  letters  were  uniformly  implanted.  The  letters  show  the  green  and 
red  interference  colours  typical  of  porous  Si. 
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Figure  4.  SEM  image  of  a  50-^m  square  of  Si  implanted  with  3xl014  cm'2  Si'*"1'  after 
polarization  in  20%  HF  from  -0.5  to  3.5  V.  (b)  Higher  magnification  of  (a)  within  the 
square. 
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Figure  5.  Room-temperature  PL  spectrum  of  porous  Si  acquired  in  the  centre  of  the 
square  shown  in  Fig.  4. 


Figure  6.  Room-temperature  PL  spectra  acquired  on  a  GaAs  (100)  sample  implanted 
with  lxlO15  cm  2  Si++  and  polarized  from  -0.5  to  3.0  V.  The  solid  line  shows  the  re¬ 
sponse  within  the  square  and  the  dashed  line  from  a  surface  location  next  to  the 
square.  The  inset  gives  a  magnification  of  the  short  wavelength  region  and  is  offset 
by  500  a.u. 
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ABSTRACT 

Red  photoluminescence  (Xm„:  680  -  720  nm)  of  porous  silicon  was  quenched 
in  accordance  with  the  density  of  adsorbed  alcoholic  OH  groups  on  PS  surface. 

The  result  agreed  with  Stern-Volmer’s  relation  PL/PL^  =  1  +  kNRAx(OH) . 

The  rate  constant  of  the  nonradiative  deactivation  path  produced  with 
alcoholic  OH  groups,  kNR  A,  was  assumed  considerably  large  and  independent  of 
temperature.  On  the  other  hand,  the  rale  constant  of  the  inherent  non-radiative 
deactivation  path,  kNR.x,  was  estimated  to  have  an  apparent  activation  energy  of 
about  50  meV,  from  the  slopeofthe  linear  plot  of  log[(PL100-  PL^/PL™]  vs.  1/T. 
Mechanism  of  non-radiative  deactivation  of  excited  electron  with  adsorbed 
alcoholic  OH  groups  was  proposed. 

INTRODUCTION 

At  the  anodic  oxidation  of  porous  silicon  in  ethylene  glycol  which  is  effective  for  the 
increase  and  stabilization  of  PL  intensity  [1,  2]  we  found  that  ethylene  glycol  conversely 
acted  as  a  quencher  for  the  PL  when  it  remained  on  the  surface  of  nanostructured  silicon  [3]. 
The  quenching  was  found  in  other  saturated  alcohols  [4].  However,  under  the  irradiation  of 
relatively  high  power  N2  laser  (70  pJ/pulse,  1  pulse:  300  p  sec,  10  Hz),  the  quenching  was  not 
observed.  The  latter  phenomenon  was  considered  due  to  the  excess  formation  of  excitated 
electrons  under  the  irradiation  of  high  power  N2  laser,  since  the  number  of  the  quenchable 
excited  electrons  were  comparable  to  the  adsorbants  on  the  surface  of  PS  and  excess 
electrons  were  deactivated  via  radiative  path. 

Lifetime  measurement  showed  that  the  lifetime  was  remarkably  shortened  in  accordance 
with  the  numbers  of  the  OH  groups  of  the  alcohols  [4] . 
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The  rate  constant  kNR.  A  of  the  nonradiative  deactivation  path,  that  was  formed  with  the 
adsoplion  of  alcohol  OH  groups,  was  assumed  to  be  considerably  large  and  thus 
independent  of  temperature.  On  the  other  hand,  the  rate  constant  kNRT  of  the  inherently 
nonradiative  temperature-depending  deactivation  path  was  estimated  to  have  an  apparent 
activation  energy  of  about  25  ~  50  meV  from  the  slope  of  the  linear  plot  of  log  [(PLjoo  - 
PVPM  vs.  1/T. 

According  to  G.  Allan  et  al  [5],  the  excited  electrons  on  nanostructured  silicon  recombine 
radiatively  through  self-trapped  exciton  state.  We  suppose  that  adsorbed  alcoholic  OH 
group  forms  non-radialive  deactivation  path  through  vibrational  level  via  self-trapped 
exciton  state. 

There  are  serious  problems  that  PL  spectra  (wavelength  and  intensity)  are  different  each 
other  for  the  PS  samples  prepared  with  the  same  condition.  We  investigated  the  problems 
in  regard  to  the  adsorption  of  chemical  spesies  such  as  saturated  polyhydric  alcohols. 


II.  EXPERIMENT 

PS  samples  were  prepared  by  the  anodic  etching  of  p-type  Si(100)  (14  ohm  cm),  of  which 
the  back  side  was  evaporated  with  Au,  at  120  mA/cm2  for  5  min  in  hydrofluoric  acid  (49%) : 
HjO  =  1:2  electrolytes  and  dried  with  N2  gas  flow.  PL  was  measured  under  the  illumination 
of  420  ~  337nm  light  from  a  150  W  xenon  lamp  equipped  with  a  fluorescence  photometer 
(Hitachi  F-4500),  before  and  after  orgnic  solvents  were  adsorbed  by  dropping  1  pL  on  the 
surface  of  PS  sample.  The  solvents  used  for  adsorption  were  saturated  alcohols  such  as  2- 
methyl-1 -propanol  (i-BuOH),  ethylene  glycol  (EG(OH)2),  propylene  glycol  (PG(OH)2), 
glycerol  (GL(OH)3)  and  n-hexane,  n-pentane,  and  so  on. 

In  order  to  investigate  degree  of  quenching  in  accordance  with  the  concentration  of  the 
alcohols,  diluted  alcohols  (1  ~  7.5  mol  L‘  with  n-hexane)  were  dropped  by  1  pL  on  the 
surface  of  PS  sample.  We  confirmed  that  n-hexane  was  practically  ineffective  for  the  PL 
quenching. 

The  temperature  dependence  of  the  PL  intensity  was  measured  between  300  and  100  Kin 
He  atmosphere. 

Transmission  FTIR  measurements  were  carried  out  for  the  PS  samples  at  three  stages: 
immediately  after  the  preparation,  after  adsorption  of  EG(OH)2  for  5  min,  and  after  rinsing 
with  pure  water. 


III.  RESULTS 

It  was  confirmed  that  the  same  PL  spectrum  (A^„  :680  -720  nm)  was  obtaind  regardless  of 
the  excitation  wavelengths  between  420  and  337  nm  from  a  150  W  xenon  lamp  for  a  given 
PS  sample.  This  suggests  that  the  photo  excited  electrons  in  nanostructured  silicon  were 
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deactivated  radiatively  via  the  same  recombination  process.  According  to  the  consideration 
of  G.  Allan  et  al.  [5],  excited  electrons  (E  level,  as  will  be  mentioned  in  Fig.  10)  in 
nanostructured  silicon  is  deactivated  radiatively  to  ground  state  (G)  via  the  self-trapped 
exciton  slate  (STE),  where  STE  is  higher  than  excited  state  (E)  of  large  crystallites. 

As  previously  mentioned  [3, 4],  the  PL  was  quenched  with  the  adsorption  of  saturated 
alcohols  and  that  degree  of  the  quenching  differed  with  the  kind  of  alcohols.  Strong 
quenching  was  observed  in  the  order  of  GL(OH)3>  EG(OH)2>  PG(OH)2>  i-BuOH>  EtOH> 
MeOH.  According  to  J.  M.  Lauerhass  et  al.[6],  the  quenching  is  induced  with  dipole 
moments  of  organic  solvents.  However,  our  results  did  not  agree  with  such  physical  values 
(Fig.  1)  but  rather  agreed  with  viscosities  (Fig.  2)  and  boiling  points  of  the  organic  solvents 
(Fig.  3).  Better  relationships  with  the  latter  physical  values  were  considered  due  to  the 
weakness  of  adsorption  force  of  organic  solvents  on  the  nanostructured  silicon  and  thus 
they  were  easily  desorbed  with  the  thermal  energy  at  room  temperature.  In  fact, 
transmission  FTIR  spectra  showed  reversible  changes  at  wavenumbers  of  2090  cm1 
(Si-H)[7],  2110  cm 1  (Si-H2)[7],  2140  cm 1  (Si-H3)[7]  in  accordance  with  the  adsorption  and 
the  desorption  of  EG(OH)2,  but  they  did  not  show  any  change  at  the  other  regions  (Fig.  4). 

Figure  5  shows  the  relation  between  PL/PL^  ratio  and  the  concentration  of  i-BuOH  in  n- 
hexane,  where  the  solution  was  dropped  by  1  (xLon  the  surface  (0.28  cm2)  of  as-prepared  PS 
sample.  The  PL/PL*,*  ratio  vs.  cone,  of  i-BuOH  was  introduced  as  follows. 


PL  =  kR/(kR  +  kNR) 


PUoh--  kR/(kR  +  kNR  +  kNR.A[OH]) 


PL/PL^  =  (kR  +  kNR  4-  WA[OH])/(kR  +  kNR) 


- 1  +  {kNR.A/(kR  +  kNR)}[OH]  (1) 

Here,  kR  is  the  rale  constant  of  radiative  deactivation,  and  kNRA  and  kNR  are  the  rate  constants 
of  nonradiative  deactivation  with  alcoholic  OH  groups  and  others,  respectively.  n-Hexane 
was  used  as  a  solvent  for  the  dilution  of  the  saturated  alcohols,  since  n-  hexane  was 
confirmed  by  us  to  be  practically  ineffective  for  the  quenching.  From  Fig.  5  the 
concentration  of  i-BuOH  that  is  effective  for  the  quenching  of  the  excited  electrons  on  the 
nanostructured  silicon  was  found  in  the  range  of  1  ~  7.5  mol  L'\  This  corresponds  to  101* 
molecules  per  flat  Si  (100)  surface  of  1  cm2  (Si  molecules  of  6  x  1014).  Necessity  of  large 
amouts  of  i-BuOH  molecules  for  the  quenching  suggests  that  real  surface  of  nanostructured 
silicon  is  extremley  large.  The  results  indicated  in  Fig.  5  showed  that  PL/PL*0iv  ratios 
changed  linearly  with  the  concentration  of  i-BuOH  and  thus  Stern- Volmer’s  equation  was 
applicable  for  them.  This  supports  that  alcohol  ic  OH  groups  interacted  as  a  quencher  for 
excited  electron  at  STE  state  (see  Fig.  10)  of  nanostructured  silicon. 

Figure  6  shows  PL  spectra  of  PS  samples  under  420  nm  light  irradiation  from  a  150  W 
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xenon  lamp.  For  an  as-prepared  PS  sample  (Fig.  6-a),  the  PL  intensity  increased  remarkably 
with  decreasing  temperature.  This  was  caused  by  the  supression  of  nonradiative 
deactivation  path  at  low  temperature,  resulting  in  an  increase  of  radiative  deactivation  path. 

As  for  the  nonradiative  deactivation  paths,  the  rate  constants  of  which  change  with 
temperature,  the  following  processes  are  taken  into  consideration:  electron  and  hole  capture 
on  dangling  bonds  [8],  collision  with  phonons  [9],  Auger  recombination  [10]  and  so  on. 
Here,  we  group  together  such  processes  with  the  "temperature-dependent  nonradiative 
process",  and  define  the  rate  constant  as  kNRT  (kNRT  =  A  exp(-  AENR.T/k0T),  where,  A  is  a 
constant,  AENRT  is  the  activation  energy  of  the  nonradiative  deactivation  path,  kB  is 
Boltzmann  constant  and  T  is  temperature  at  K).  The  overall  rate  constant  k0  for  the 
recombination  of  the  photoexcited  electrons  for  the  PS  sample  before  alcohol  adsorption 
can  be  expressed  as 


k<, = kR  +  kNR.x  +  kNRT  (2) 

here,  kNR  X  is  the  rate  constant  of  the  temperature-independent  nonradiative  deactivation 
path.  From  the  fact  that  the  PL  intensity  does  not  increase  sufficiently  with  decreasing 
temperature  for  the  PS  sample  with  adsorbed  alcohols,  we  introduced  a  new  non-radiative 
deactivation  path  which  is  formed  by  the  alcohols  (rate  constant  kNRA)  and  made  the 
following  correction: 

k  =  kR  +  kNRX  +  kNRA  +  kNRT  (3) 

We  tried  to  derive  activation  energy  of  nonradiative  deactivation  path  from  temperature 
dependence  of  the  PL  intensity  at  Km„  (680  nm).  When  the  PL  intensity  increases  to  almost 
the  maximum  value  at  about  100  K,  PL^  is  regarded  as  the  value  when  the  temperature- 
dependent  nonradiative  deactivation  path  is  suppressed  to  the  lowest  level  (i.e.,  k,*.T  0), 

and  thus  the  PL  intensity  can  be  expessed  as 


PL,oo = kR  /(  k„  +  kNR.x  )  (4) 

On  the  other  hand,  the  PL  intensities  at  T  K  can  be  expressed  as 

PLr=kR/(kR  +  kNRX  +  kNRT)  (5) 

Since  (PL1C0  -  PLr)  implies  values  concerning  nonradiative  deactivation  path,  deviding  (PL100 
-PU)  by  PL100  yields  equation  (6).  In  the  case  of  (kR  +  kNR  X)  »  kNR  T  (namely,  when  kNR  X  » 
kNR  T),  equation  (6)  can  be  simplified  as  equation  (7). 

(PL100  -  PLj-yPLjoo = kNRT/(kR  +  kNRX + kNR  T)  (6) 

=  Bexp(-AENR.T/k0T)  (7) 
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where  B=  l/(kR  +  kNRX)  =  const  and  AENR.T:  the  activation  energy  for  the  nonradiative 
deactivation  path. 

Fig.  7  shows  the  plot  of  log  [(PL100  -  PL^/PL,*]  vs,  1/T  for  the  as-prepared  PS  sample. 
From  the  slope  of  the  straight  line,  AENR.T,  activation  energy  for  nonradiative  deactivation 
was  calculated  as  ca.50  meV.  This  value  is  close  to  the  activation  energy  for  the 
nonradiative  deactivation  path  obtained  by  G.  Amato  et  al.  [11]. 

When  the  PS  sample  was  adsorbed  by  GL(OH)3,  the  PL  intensity  barely  increased  with 
decreasing  temperature.  The  behavior  suggests  that  kNR  A  is  larger  than  kNR.T  and  independent 
of  temperature,  that  is,  its  activation  energy  or  AEnr.a  (i.e.,  kNR  A  =  exp(-AENR  A/  kBT)  is 
negligibly  small. 

Since  kR  +  kNRX  +  kNR.A  »  kNR.  is  valid,  the  activation  energy  for  the  "nonradiative 
deactivation"  path,  AENR.T,  can  be  derived  from  the  log  [(PL100  -  PLr  )/PL100]  vs.  1/T  plot  as  in 
the  followsing  equation  (11). 


PLjoo = kR/  (kR  +  kNR.x  +  kNR.A) 

(8) 

Pi-'r = 1^r/(1^r  +  kNR.x  +kNRA  +  kNRT) 

(9) 

(PLioa  •  P  Lj)/P  Lloo=kNRT/[(kR  +  kNR.x  +  kNR.A)+  kNR.T] 

(10) 

=  C  kNR.T = C  exp  ( -AENR.-j/kBT  ) 

(11) 

where  C  =  l/(kR  +  kNR.x  +  kNR.T). 

Figure  8  shows  the  plot  for  log  [(PL100  -  PL,/PL100]  vs.  1/T  for  the  PS  sample  with  adsorbed 
GL(OH)3.  Although  the  PL  was  measured  10  min  after  the  adsorption  of  GL(OH)3,  a  line 

with  multiple  slopes  was  obtained,  showing  that  AENR.T=ca.  1.5meV(al  0.003  ~  0.004  K1) 
and  ca.  30  meV  (above  0.004  K'1).  The  formation  of  multiple  slopes  was  caused  by  an 
increase  of  the  PS  surface  with  adsorbed  GL-(OH)3,  because  viscous  GL-(OH)3  takes  a  long 
time  to  attain  adsorption  equilibrium. 

Figures  9  (a)  -  (d)  show  the  plots  of  log  [(PL100  -  PL^/PL,*,]  vs.  1/T  for  PS  samples  with 
adsorbed  Pr-OH,  Bu-OH,  EG-(OH)2  and  PG-(OH)2.  When  the  PS  samples  adsorbed 
viscous  alcohols  such  as  EG(OH)2  and  PG(OH)2,  they  showed  multiple  slopes. 

For  the  mechanism  that  saturated  polyhydric  alcohols  weakly  adsorbing  on 
nanostructured  silicon  acts  as  quenchers  for  excited  electron  on  nanostructured  silicon,  we 
propose  a  process  as  shown  in  Fig.10.  While  non-radiative  deactivation  of  self-trapped 
exciton  requires  activation  energy  AE  (point  A),  newly  formed  level  by  the  adsorption  of 
alcoholic  OH  groups  is  of  lower  activation  energy  having  vibration  levels. 


IV.  CONCLUSIONS 


It  was  found  that  red  PL  intensity  of  porous  silicon  was  substantially  quenched  with 
adsorption  of  saturared  alcohols.  The  alcohols  forma  nonradiative  deactivation  path  for 
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the  excited  electrons  to  the  adsorbant  molecules  with  life  timesof  psec,  changing  itself  to 
nonradiative  deactivation.  The  control  of  the  surface  condition  of  porous  silicon  is  a 
prerequisite  for  obtaining  reproducible  PL. 
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Dipole  moment  of  Organic  Solvents 


p/D 


Fig.  1.  Relation  between  PL^/PL ratio  and  dipole  moment  oforganic  solvents  adsorbed  on 
PS  sample. 


Coefficient  of  viscosity  of  organic  solvents 
q  /  mPas 

Fig.  2.  Relation  between  PLM|V/PL  ratio  and  coefficient  of  viscosity  oforganic  solvents 
adsorbed  on  PS  sample. 
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Boiling  temperature  of  organic  solvents  /K 


Fig.  3.  Relation  between  PL^PLratio  and  boiling  temperature  of  organic  solvents 
adsorbed  on  PS  sample,  in  normal  condition. 


Fig.  4.  Transmission  FTIR  spectra  of  PS  sample.  (a):as- prepared, (b):  after  10  min  EG(OH), 
adsorption,  (c):  after  15  min  rinsing  with  Pure  water. 


Electrochemical  Society  Proceedings  Volume  98-19 


158 


PL  /  PLsow 


Cone,  of  i-BuOH  in  n-hexane  /  molL1 


Fig.  5.  RclalionbclwccnPL/PL,B(vand concentration ol'  i-BuOH  in  n-hexane. 
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Fig.  6.  Temperature  dependence  of  PLspectraof  PS  sample  under  the  irradiation  of 420  nm 
light  from  150  W  xenon  lamp,  (a):  as-prepared,  (b):  adsorbed  with  EG(OH)2. 
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Reciprocal  temperature  /  1000  x  1/T 

Fig.  7.  Relation  between  ]og[(PL100-PLr)/PL,ro3  of  as-prepared  PS  sample  and  reciprocal 
temperature. 
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Reciprocal  temperature  /  1000  x  1/T 


Fig.  8.  Relation  between  log[(PL100-  PL^/PL,,*,]  of  PS  sample  adsorbed  with  GL(OH),  and 
reciprocal  temperature. 
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log  (PLVo  -  PL*t)  /  PL 


103  x  1/T  /  K*1 

Fig.  9.  Relation  between  log[(PL100-  PL^/PL,,*,]  of  PS  samples  adsorbed  by  (a):  Pr(OH), 
(b):  i-BuOH,  (c):  EG(OH)it  (d):PG(OH)r 


Electrochemical  Society  Proceedings  Volume  98-19 


162 


Quantum  size  controlled  percolation 
effects  on  electron  transport  in  nanoparticle  thin  films 


J.  Jacobs0*,  B.  Hamilton00,  D.  Teehan(b)  and  L.T.  Canham00 

(a)  Department  of  Physics,  UMIST,  Manchester  M60  1QD,  UK 

(b)  CLRC  Daresbury  Laboratory,  Daresbury,  Warrington  WA4  4AD,  UK 

(c)  DERA,  Malvern,  Worcs.  WR14  3PS,  UK 


Abstract 

In  this  paper  we  demonstrate  that  photo-electron  emission  excited  by 
soft  x-ray  synchrotron  radiation  can  be  used  as  a  “contactless”  probe 
of  the  gross  conduction  processes  in  porous  silicon.  Moreover  we 
demonstrate  that  this  approach  reveals  an  underlying  conducting 
geometry  which  varies  with  temperature.  We  show  that  conduction 
porous  silicon  is  to  some  degree  controlled  not  only  by  the  expected 
scattering  and  tunneling  events,  which  exist  at  the  microscopic  level, 
but  also  by  percolation  phenomena.  The  evidence  suggests  that  in 
order  to  pass  vertically  through  a  film,  electrons  must  “find”  a 
completely  conducting  route.  We  suggest  that  such  routes  are  found 
within  “percolating  clusters”  of  nanoparticles  which  increase  in  size 
and  density  with  increasing  temperature.  This  percolation  process 
controls  the  underlying  geometry  of  the  conducting  network  and 
hence  plays  a  key  role  in  determining  the  electrical  properties  of  the 
film. 


I.  Introduction 

One  of  the  important  remaining  issues  for  the  exploitation  of  porous  silicon  and  other 
thin  film  systems,  which  are  formed  from  interconnected  nanoparticles,  is  the  nature  of 
electron  transport  in  the  material.  In  particular,  the  optimisation  of  any  light  emitting 
device  requires  a  better  understanding  of  how  electrical  energy  can  be  coupled  into  the 
structure.  This  in  turn  demands  more  detailed  information  on  the  conduction 
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mechanisms  and  internal  connectivity.  Several  reports  exist  on  measurements  of 
transport  phenomena  in  porous  silicon,  e.g.  [1],  [2],  [3],  and  these  propose  several 
mechanisms.  In  particular  the  role  of  band  gap  variation  in  disordered  quantum  wires, 
quantum  size  lowering  of  the  local  dielectric  constant  and  deep  surface  traps  have  been 
examined.  Transient  conduction  has  also  been  measured  and  the  percolation  invoked  as 
partial  explanation  of  the  data  [4].  In  this  work,  the  contacts  which  are  normally  made 
to  the  film  for  transport  measurement  are  not  required,  and  we  were  able  to  explore  a 
wider  dynamic  range  of  (average)  conductivity  than  has  been  possible  with  traditional 
contact  methods.  This  is  because  we  are  able  to  measure  very  small  currents  (»  p.A) 
which  are  typically  observed  at  low  temperatures  in  our  work.  Within  this  temperature 
range,  we  observe  trends  which  support  the  idea  that  percolation  plays  an  important  role 
and  that  its  effects  may  persist  to  room  temperature  and  above  for  microporous  silicon. 

The  presence  percolation  mechanisms  dictates  that,  at  a  given  temperature,  some 
fraction  of  a  given  film  is  insulating,  and  we  show  by  measuring  the  electron  flow  into 
the  film  which  supplies  the  x-ray  photo-emission  current,  the  fraction  of  non-conducting 
material  increases  as  temperature  is  reduced.  It  is  also  clear  that,  even  at  room 
temperature  it  is  possible  to  have  films  which  are  only  partly  conducting,  but  which 
become  significantly  more  conducting  above  300K.  This  observation  is  significant  for 
the  understanding  of  room  temperature  LED  performance,  and  is  likely  to  be  generally 
true  for  nanoparticle  thin  films. 

Finally  we  present  data  which  supports  the  notion  that  the  fundamental  conduction 
blocking  process  may  be  Coulomb  Blockade,  i.e.  is  size  controlled.  We  interpret  the 
“conducting  sites”  as  the  nanometre  size  fluctuations  in  the  Si  skeleton;  at  low 
temperatures  the  smallest  nanostructures  have  a  large  Coulomb  gap  and  will  tend  to 
block  current  flow  which  will  break  the  continuous  current  paths.  As  the  temperature  is 
raised,  the  increased  carrier  thermal  energy  “de-blocks”  the  smaller  sites  and  the  un¬ 
blocked  sites  can  cluster  to  form  continuous  conducting  pathways  through  the  film. 
Such  a  mechanism  is  also  consistent  with  the  observed  effects  of  optical  excitation  on 
both  totally  insulating  films  at  near  liquid  He  temperatures  or  on  partially  conducting 
films  at  higher  temperatures.  In  both  cases,  the  supply  of  minority  carriers  can  lead  to 
de-blocking  by  removal  of  electrons  from  blocked  sites  via  recombination. 

II.  Experimental  data  on  conduction  and  photo-conduction 
in  microporous  Si. 

The  main  experimental  tool  used  in  this  work  was  the  UK  Synchrotron  Radiation  Source 
(Daresbury  Laboratories).  Measurements  were  made  on  the  soft  x-ray/VUV  beamline 
6.1.  Samples  were  mounted  on  the  tip  of  a  He  cryostat  which  had  been  modified  to 
allow  low  noise  electrical  measurements  whilst  maintaining  good  temperature  control. 
The  whole  assembly  was  held  in  a  UHV  chamber.  Electrochemically  processed 
microporous  silicon  was  prepared  in  the  standard  way  [5]  using  p+  starting  material.  A 
variety  of  film  thickness  have  been  measured,  but  the  data  presented  here  relates  to  films 
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of  several  microns  thickness.  This  is  an  important  consideration  because  it  ensures  that 
the  x-ray  penetration  depth  is  a  small  fraction  of  the  total  thickness,  i.e.  most  of  the  film 
depth  is  not  directly  excited  by  the  x-ray  photon. 

A  schematic  diagram  of  the  experiment  is  shown  in  figure  1.  The  x-ray  beam  is 
used  to  excite  photo-electrons;  the  precise  mechanisms  for  electron  ejection  are 
complex,  with  some  electrons  being  directly  emitted  due  to  interaction  between  the 
photon  and  a  silicon  inner  shell  electron  and  others  resulting  from  Auger  energy  transfer 
as  the  hot  core  hole  relaxes.  In  this  work  x-ray  photon  energies  near  the  L23  edge  of 
silicon  (~100  eV)  were  used.  Scanning  through  the  Si-Si  bond  L23  resonance  and  fixing 
the  energy  at  few  volts  above  the  resonant  peak  allowed  us  to  ensure  that  x-ray 
interaction  with  the  fully  bonded  Si  nanostructures  were  dominating  our  measurements. 
The  quantity  measured  was  the  current  flowing  into  the  Si  substrate  which  compensates 
for  the  electrons  lost  by  photoemission,  this  is  usually  referred  to  as  the  total  electron 
yield  (TEY).  Usually,  this  replacement  process  is  not  limited  by  the  transport  of 
electrons  to  the  film  surface.  Only  when  the  material  is  insulating  does  the  electron 
supply  fail  to  meet  the  surface  demand,  and  the  structure  charges;  the  surface  charge 
then  quenches  electron  emission  and  the  TEY  drops  to  zero. 

The  upper  curve  in  figure  2.  shows  a  typical  measurement  of  TEY  as  a  function  of 
temperature  for  a  porous  film.  The  data  were  obtained  by  fixing  the  x-ray  photon 
energy  at  1 10  eV.  i.e.  above  the  L23  threshold;  as  the  sample  temperature  is  reduced  the 
TEY  signal  drops  monatonically  (from  its  normalised  value  of  1  at  room  temperature). 
At  the  lowest  temperature  measured,  the  film  has  no  measurable  TEY  signal  and  has 
become  an  effective  insulator.  The  data  are  plotted  in  form  which  would  reveal 
activation  energies  if  any  Arrhenius  type  behaviour.  Although  there  are  linear  regions  in 
the  plot,  it  is  clear  that  over  the  whole  temperature  range  the  variation  in  signal  is  much 
more  complex  than  that  predicted  for  straightforward  thermally  activated  process.  This 
is  discussed  below.  It  should  be  noted  that  high  purity  silicon  wafer  material  shows  the 
opposite  trend:  the  TEY  signal  increases  as  temperature  drops  within  the  measured 
range  despite  the  fact  that  the  residual  donors  or  acceptors  are  subject  to  freeze  out. 
This  comparison  is  important  because  it  demonstrates  that  the  TEY  measurement  is  not, 
at  least  to  first  order,  sensitive  to  the  conductivity  of  the  material.  This  can  be 
understood  by  modeling  the  porous  film  as  an  interconnected  set  of  nanoparticles  which 
may  individually  be  in  a  conducting  or  non  conducting  state.  The  nanoparticles  in  porous 
silicon  must  be  understood  to  be  fluctuations  in  the  wire  like  Si  skeleton;  wide  regions  of 
the  wires  will  represent  low  energy  sites  for  electrons  and  are  closely  analogous  to 
nanoparticles  in  the  electrical  sense. 

In  fact  nanoparticles  have  a  strong  intrinsic  mechanism  for  switching  conduction 
properties  with  temperature  viz.  Coulomb  Blockade  [6],  In  order  for  an  electron  to 
enter  a  nanoparticle  an  energy  of  Ec  =  Q2/2C  (the  Coulomb  gap)  must  be  supplied, 
where  Q  is  the  final  charge  held  within  the  particle.  The  key  parameter  here  is  C,  the  self 
capacitance  with  particle  diameter  i.e.  the  Coulomb  gap  scales  inversely  with  particle 
size.  Thus,  for  very  small  particles  the  thermal  energy  may  be  insufficient  to  promote 
electron  transfer;  for  the  case  of  Si,  Coulomb  blockade  is  predicted  to  be  an  important 
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factor  at  room  temperature  for  particles  of  sizes  of  around  2  nm.  We  can  now  picture, 
schematically  what  may  occur  in  a  nanoparticle  film  as  it  is  cooled,  and  this  is  illustrated 
in  Figure  3.  At  any  particular  temperature  some  nanoparticles  will  be  blocked  (i.e.  those 
below  a  given  size)  and  clusters  of  unblocked  particles  will  remain.  Those  clusters  which 
span  the  thickness  of  the  film  will  contribute  to  the  TEY,  and  are  referred  to  as 
percolating  clusters.  Other  clusters  will  not  span  the  film  and  are  referred  to  as  non¬ 
percolating  clusters.  However,  the  precise  magnitude  of  the  contribution  of  a  particular 
percolating  cluster  is  defined  by  the  area  of  the  cluster  which  forms  part  of  the  physical 
(but  discontinuous)  surface.  Thus  the  two  percolating  clusters  illustrated,  which  have 
very  different  mass  and  which  would  be  assigned  radically  different  classical  resistance, 
contribute  about  equally  to  the  TEY  because  they  have  about  the  same  surface  area. 
Crucially  this  simple  picture  predicts  that  non  conducting  regions  of  the  film  exist,  and  it 
is  the  growth  of  these  regions,  as  the  temperature  is  lowered,  which  leads  to  the  loss  of 
TEY. 


III.  A  model  for  percolation  in  a  nanoparticle  film 

The  notion  that  porous  silicon  becomes  locally  insulating  at  low  temperatures,  and  that 
conducting  pathways  through  the  film  increase  in  density  and  size  as  temperature  is 
increased,  is  one  which  lends  itself  directly  the  framework  of  percolation  theory. 
However  in  order  to  test  the  plausibility  of  these  ideas  we  need  to  develop  a  percolation 
model  which  has  built  into  it  the  key  physics  of  the  material  system. 

Percolation  theory  describes  physical  systems  in  terms  of  a  percolation  lattice  in 
which  lattice  sites  are  either  occupied  or  empty  and  which  are  inter-connected  by  bonds; 
here  occupied  and  empty  will  signify  conducting  and  non  conducting  respectively.  Each 
site  has  some  probability,  P,  of  occupancy  and  if  the  P  is  above  the  percolation 
threshold,  Pc,  then  clusters  of  occupied  sites,  so  called  fully  percolating  clusters,  will 
exist  which  span  the  system.  A  percolating  cluster  in  porous  Si  would  therefore  permit 
electron  conduction  through  the  film. 

Two  parameters  are  crucial  to  any  percolation  model;  firstly  the  choice  of 
percolation  lattice  (i.e.  its  geometry),  and  secondly  the  physics  driving  the  probability 
occupancy  of  lattice  sites.  We  have  chose  to  investigate  the  Bethe  lattice  which  has 
found  many  applications  in  condensed  matter  physics.  This  lattice  has  a  tree-like 
structure  and  in  spite  of  its  apparent  complexity,  lends  itself  to  simple  algebraic  solution. 
We  do  not  suggest  that  the  Bethe  lattice  mimics  exactly  the  physical  structure  of 
microporous  silicon,  but  it  does  preserve  some  important  features.  For  example  an 
electron  moving  through  a  Bethe  lattice  has  no  closed  loops  available  and  must  find  a 
unique  1-D  route  to  the  physical  surface.  The  Bethe  lattice  used  in  this  work  was 
considered  to  have  sites  composed  of  the  “nanoparticle”  fluctuations  in  the  Si  quantum 
wires.  The  probability  of  site  occupancy  is  dictated  by  the  probability  that  an  electron 
has  the  energy  to  overcome  the  Coulomb  gap  and  enter  the  nanoparticle:  an  occupied 
site  is  then  one  which  is  not  blocked.  An  empty  site  is  one  which  is  blocked  due  to 
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Coulomb  Blockade.  The  bonds  joining  sites  could  be  tunneling  gaps  or  hopping 
channels  in  the  physical  structure,  in  a  general  sense  they  are  regions  of  the  structure 
which  present  no  barrier  to  the  electron. 

The  percolation  threshold  probability  is  easily  calculated  for  a  Bethe  lattice  with  z 
bonds  persite[7]: 


Pc- 


1 

z-1 


(1) 


so  for  a  lattice  with  3  bonds  per  site  (particle),  Pc  becomes  1/2,  that  is  the  electron  has 
two  choices  of  exit  direction  when  leaving  one  nanoparticle  and  finding  the  next  particle 
on  its  route  through  the  film.  For  this  case  if  P  <  1/2,  the  film  will  not  conduct.  The  key 
task  now  is  to  assign  some  credible  value  of  P  which  must  be  a  function  of  T  and  which 
will  allow  us  to  compare  our  percolation  calculation  with  the  experimental  data.  For 
porous  silicon,  we  need  to  assign  two  probabilities  to  a  lattice  site.  The  first  relates  to 
the  particle  size  distribution,  which  we  shall  take  to  be  Gaussian  (i.e.  a  normal  error 
function),  pt: 


(*-<*>)2 

.e  1°l  (2) 

This  is  the  normalized  probability  that  that  one  of  the  neighbouring  particles  will  have  a 
size  have  a  size  x. 

The  second  is  the  probability  that  a  particle  of  size  x  will  be  occupied,  and  this  may 
be  represented  to  a  reasonable  approximation  by  a  Boltzmann  occupation  probability,  pj: 

-Egix) 

Pj  -  Ae  w  (3) 

where  Ec  is  the  Coulomb  gap  energy  and  A  is  a  constant.  In  assigning  a  value  of  Ec  to  a 
size  x  we  have  taken  the  experimental  prediction  of  [6].  Both  probabilities  are 
normalised,  and  p  =  pi.pj  represents  the  probability  that  a  neighbouring  particle  has  a 
size  x  and  that  the  size  x  will  accept  an  electron.  Thus,  p  is  a  distribution  function  which 
describes  the  probability  of  a  particle  within  the  original  size  distribution  being  an 
“occupied  site”  at  a  given  temperature..  Since  any  “occupied”  particle  within  p 
conducts  and  can  contribute  to  a  percolating  cluster,  the  integral  of  p  over  all  sizes  is 
measure  of  P  which  is  required  for  the  percolation  model.  This  method  of  assigning  a 
site  occupancy  probability  neglects  localisation  energies  i.e.  it  assumes  that  Coulomb 
Blockade  is  the  dominant  barrier  term.  It  is  also  worth  noting  that  if  a  neighbouring 
nanoparticle  is  much  larger  than  the  particle  from  which  the  electron  is  emerging,  then 
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there  is  no  barrier;  the  large  particle  actually  forms  part  of  the  bond  system.  In  general 
the  movement  of  an  electron  will  be  unrestricted  as  long  as  it  is  travelling  through 
successively  lower  energy  sites,  but  the  above  analysis  applies  when  the  electron  is 
required  to  branch  into  higher  energy  sites.  Thus  not  every  nanoparticle  forms  a  site  on 
the  Bethe  lattice,  this  does  not  in  any  sense  change  the  percolation  lattice  it  simply 
implies  that  only  a  subset  of  the  nanoparticles  present  are  active  sites. 

An  important  outcome  of  percolation  is  that  although  the  Boltzmann  factor  builds  in  an 
exponential  temperature  dependence  to  P,  the  predicted  temperature  evolution  of  the 
film  conduction  is  much  more  complex  than  a  simple  thermal  activation.  This  is  because 
the  conduction  must  reflect  also  the  temperature  dependency  of  the  growth  in  size  of  a 
percolating  cluster,  and  the  size  or  strength  of  a  percolating  cluster  on  a  Bethe  lattice  is 
not  a  linear  function  of  P  but  is  given  by  [7  ]  for  P>PC: 

S  =  (4) 

We  assume  that  the  strength  of  the  observed  TEY  signal  varies  linearly  with  S.  Figure 
4.  shows  a  choice  of  size  distribution  pj  and  the  way  in  which  the  function  becomes 
modified  when  the  probability  of  an  electron  overcoming  the  Coulomb  gap  is  included. 
It  is  clear  that  at  low  temperatures  smaller  particle  sizes  become  excluded  from  the 
distribution  function  p,  but  that  at  very  high  temperatures  the  whole  size  distribution 
would  be  included  i.e.  the  whole  film  would  conduct  equally. 

By  integrating  p  at  each  temperature  it  is  now  possible  to  calculate  the  strength  of 
the  percolating  system  S,  which  we  take  to  be  proportional  to  the  TEY.  This  is  plotted 
for  a  particle  size  distribution  having  a  mean  size  of  4  nm.,  and  is  the  lower  curve  in 
figure  2.  Two  comments  should  be  made.  Firstly  the  general  shape  of  the  prediction  is 
similar  to  the  experimental  result,  at  least  at  lower  temperatures.  The  slope  is  not  a 
simple  exponential  but  has  a  curvature  on  an  Arrhenius  plot  which  steepens  as  the  film 
becomes  completely  insulating.  We  can  now  interpret  this  steepening  of  slope  as  the 
disappearance  of  a  single  percolating  cluster,  varying  in  strength  with  temperature,  as  it 
breaks  up  into  smaller  isolated  percolating  clusters.  These  clusters  disappear  as  the 
sample  becomes  insulting  at  the  percolation  threshold.  The  second  notable  feature  is  the 
mean  particle  size  which  must  be  chosen  for  pi  in  order  to  make  the  model  predict 
(approximately)  the  same  temperature  for  the  percolation  threshold,  i.e.  the  departure  of 
conduction  from  zero.  The  value  of  <x>  shown  is  9  nm,  much  larger  than  the  size  of 
nanoparticles  that  are  known  to  contribute  to  the  luminescence  of  porous  silicon.  This 
value  of  <x>  is  consistent  with  the  idea  that  only  a  subset  of  the  particle  size  distribution 
is  optically  active  as  luminescence  centres. 

The  loss  of  conduction  at  low  temperatures  when  P<PC  is  essentially  a  phase 
transition  and  it  is  not  surprising  that  a  description  involving  percolation  theory  is 
appropriate  to  describe  the  main  effects.  It  has  been  demonstrated  that  the  phase 
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transition  can  be  reversed  by  optical  pumping  [8]  which  is  consistent  with  idea  that  in 
the  totally  blocked  state  is  a  sign  of  stored  volume  charge,  which  can  be  redistributed 
with  the  aid  of  injected  mobile  charge. 
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Figure  1:  A  schematic  description  of  the  experimental  system  used  to  detect 
current  flow  through  the  films.  The  quantity  sensed  is  the  current  flowing  into 
the  substrate  which  is  by  charge  conservation  equal  to  the  integrated  electron 
loss  from  the  surface  (the  TEY).  If  the  transport  through  the  film  cannot  match 
the  surface  loss  rate  then  surface  charging  occurs  and  the  TEY  signal  drops. 
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Figure  2:  The  variation  of  TEY  with  temperature  for  a  microporous  silicon  film 
(85%  porosity  and  8  microns  thick),  as  temperature  is  varied  Experimental  data 
are  plotted  in  the  uper  curve, -f-  and  the  prediction  of  percolation  theory  using  a 
Bethe  lattice  with  site  switching  controlled  by  Coulomb  Blockade  is  shown  in 
the  lower  curve,D 
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Figure  3:  Illustrating  the  way  in  which  a  percolation  controlled  conduction  can 
lead  to  a  loss  of  TEY  signal.  The  clusters  shown  a  re  either  percolating  (p)  or 
non-percolating  (np),  but  only  the  p  clusters  contribute  to  the  measured  signal. 
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Figure  4:  The  distribution  functions  used  to  obtain  a  value  for  the  probability  P 
that  an  electron  will  move  onto  a  neighbouring  site  on  a  Bethe  lattice.  The 
normal  distribution  shown  here  is  for  a  mean  particle  size  of  4  nm,  and  the 
family  of  functions  nested  within  the  size  distribution  show  how  the  latter 
becomes  modified  as  T  is  lowered  and  the  probability  of  a  thermally  assisted 
transfer  over  the  Coulomb  gap  is  lowered. 
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Excitons  in  Nanostructures 
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Optical  Properties  of  Semiconductor  Nanocrystals 
Embedded  in  Dielectric  Media 
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ABSTRACT 

The  optical  properties  of  1  to  5  nm  radius  crystals  embedded  in  vari¬ 
ous  dielectric  media  are  discussed.  These  properties  are  determined  by 
transitions  between  electron  and  hole  quantum  size  levels.  An  analyt¬ 
ical  theory  of  the  QSLs  within  a  spherical  8-band  Pidgeon  and  Brown 
model  has  been  developed  This  theory  explicitly  includes  the  coupling 
of  conduction  and  valence  bands,  the  6-band  structure  of  the  valence 
band  and  naturally  generalizes  all  previous  multi-band  considerations. 
The  theory  successfully  describes  the  structure  of  the  absorption  spec¬ 
tra  and  transition  oscillator  strengths  in  narrow  gap  InAs  nanocrystals 
using  bulk  band  parameters.  The  interaction  of  electron  and  hole  spins 
with  the  spins  of  paramagnetic  centers  is  usually  weak  in  bulk  semicon¬ 
ductors  because  the  interaction  occurs  via  a  contact  potential.  How¬ 
ever,  in  nanosize  quantum  dots  this  interaction,  which  is  proportional 
to  the  square  of  the  electron  and  hole  wave  functions  at  the  position 
of  the  para  magnetic  center,  increases  dramatically  as  the  inverse  of 
the  volume  of  the  quantum  dot.  As  a  result,  the  effective  magnetic 
field  of  a  paramagnetic  center  acting  on  electron  spins  is  several  orders 
of  magnitude  larger  than  in  the  bulk  and  can  be  as  large  as  several 
hundred  Tesla.  This  field  should  lead  to  a  giant  splitting  of  the  spin 
sublevels  of  electrons  and  holes  of  as  much  as  to  several  tens  of  meV 
and  to  giant  Magnetic  Circular  Dichroism  and  Faraday  effects  whose 
magnitudes  strongly  depend  on  nanocrystal  size. 


1  Introduction 

The  optical  properties  of  nanocrystal  quantum  dots  have  attracted  the  attention 
of  many  investigators  because  of  their  potential  applications  and  for  their  funda- 
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mental  scientific  interest  [1,  2,  3,  4].  These  nanocrystals  are  embedded  in  dielectric 
matrices  and  have  an  almost  ideal  spherical  shape.  Current  technology  allows  us  to 
fabricate  crystals  in  a  controlled  manner  with  radius  from  10  to  100  angstroms.  For 
purposes  of  clarity,  we  will  discuss  only  the  so  called  ”  strong  quantization  case” , 
where  the  optical  properties  are  determined  by  transitions  between  the  quantum 
size  levels  of  electron  and  holes  and  the  Coulomb  interaction  shifts  their  energies 
only  slightly  to  the  red  [5,  6].  This  case  is  realized  in  small  crystals. 

2  Theory  of  the  Quantum  Size  Levels 

We  have  developed  a  theory  for  the  quantum  size  levels  that  is  valid  for  semicon¬ 
ductors  having  a  cubic  or  zinc  blende  lattice  structure  and  which  have  their  band 
edge  at  the  T-point  of  the  Brillouin  zone.  Examples  are  GaAs,  InP,  InAs,  InSb, 
CdTe,  CdSe,  and  ZnSe. 

In  Fig.  1  we  show  the  band  structure  of  a  typical  zinc  blende  semiconductor. 
The  conduction  band  is  parabolic  only  at  the  bottom  of  the  band.  At  the  top  of 
the  valence  band  we  have  a  four-fold  degenerate  Tg  subband,  which  describes  the 
dispersion  of  the  light  and  heavy  hole  branches  at  nonzero  k  and  the  spin-  orbit 
split  off  subband  T7  which  falls  below  the  top  of  the  valence  band  by  the  amount 
of  the  spin  orbit  splitting,  A. 

In  wide  gap  semiconductors,  hole  and  electron  quantum  size  levels  are  de¬ 
scribed  independently  in  the  so  called  6  band  model  [7].  This  model  has  suc¬ 
cessfully  described  the  optical  spectra  of  CdSe  nanocrystals  [8,  9,  10,  11,  12].  It 
neglects,  however,  the  coupling  of  the  conduction  and  valence  bands,  which  is  im¬ 
portant  in  narrow  gap  semiconductors  such  as  InAs.  For  these  nanocrystals  we 
need  the  8  band  model,  first  proposed  by  Pidgeon  and  Brown  [13]. 

Pidgeon  and  Brown  model 

The  Pidgeon  and  Brown  model  takes  into  account  exactly  the  coupling  between 
the  6  valence  and  the  2  conduction  bands,  separated  by  an  energy  gap  Eg  between 
the  bottom  of  the  conduction  and  the  top  of  the  valence  band.  The  magnitude  of 
the  coupling  is  determined  by  the  Kane  matrix  element  V  =  —i  <  S\pz\Z  >  / m0 
taken  between  the  Bloch  functions  of  the  conduction  and  valence  bands,  and  m0 
is  the  free  electron  mass.  The  model  also  takes  into  account  the  contribution 
of  the  remote  bands  to  the  effective  masses  of  electrons  and  holes:  a,  71  and  7 
respectively.  The  electron  effective  mass  at  the  bottom  of  the  conduction  band, 
me,  can  be  written  as  the  sum  of  remote  band  contributions  plus  a  contribution 
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from  the  valence  band: 
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The  Luttinger  parameters  of  the  valence  band: 


,  Ep  —  2rrioVr2  . 
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and  the  effective  masses  of  the  light,  and  heavy  holes,  rrihh ,  can  also  be  written 
as  the  sum  of  two  similar  contributions: 


1  _  -  27l  ^71-27  1  _  7i  +  *7L 

rrihh  mQ  m0  ’  mih  vn 0 


m0 


(7l  +  47  + j)  . 


(3) 


The  Pidgeon  and  Brown  Hamiltonian  [13]  is  a  system  of  coupled  second  order 
differential  equations  and  is  quite  complicated.  However,  for  spherical  nanocrystals 
we  can  simplify  the  problem  considerably. 


Case  of  zero  spin-orbit  splitting  of  the  valence  band 

In  spherical  NCs  each  electron  and  hole  state  is  characterized  by  a  total  angular 
momentum  j  =  l  +  J,  which  is  a  sum  of  the  envelope  angular  momentum,  Z,  and 
the  Bloch  function  angular  momentum,  J  [14,  15].  Analytical  equations  for  the 
quantum  size  level  energies  in  QDs  surrounded  by  an  infinite  barrier  have  been 
written  for  each  j  [15].  These  equations  are  very  complicated  and  we  will  only 
show  them  for  the  case  where  the  spin-orbit  splitting  A,  is  zero.  The  energies  of 
the  electron  levels,  AEe,  in  a  nanocrystal  with  radius  a  surrounded  by  an  infinite 
barrier  are  obtained  from: 

*-1  /»(*-«)  =  ^  I(1  +  -  (i  -  /,(*-.)]  , 

(4) 

where  jn(x)  is  a  spherical  Bessel  function,  the  momentum  k-  is  connected  to  the 
bulk  dispersion  energy  of  electrons,  =  1/2 j,  and  j  =  1/2,  3/2,  ....  Equating 
the  right  side  of  these  equations  to  zero  determines  the  positions  of  the  uncoupled 
electron  levels  of  wide  band  gap  quantum  dots. 

The  hole  levels  are  obtained  from  two  equations.  For  the  odd  hole  states  we 

have 

jj- 1/2 (^a)  =  0  ,  (5) 
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which  is  valid  for  all  j  >  1/2,  and  the  momentum  kh  is  related  to  the  hole  energy, 
A Eh  by  the  relationship:  A Eh  =  (71  -  27)A^/2m0.  For  even  hole  states: 


Jj-z/2  (kho)jj+if2  (k- a)  +  ]  \jj-3/2{k-a)jj+1/2{kha ) 

1  "*■  Vj 


=  -R \l (b,  +  +  W)ji-',2{k-a)  [W(M  ~  I W  W(M  ' 

(6) 


which  is  valid  for  all  j  starting  from  ,7  =  3/2  and  the  momentum  k _  is  connected 
with  the  bulk  dispersion  energy  of  the  light  hole.  Setting  the  right  side  of  these 
equations  to  zero  determines  the  positions  of  the  uncoupled  hole  levels  in  wide  gap 
nanocrystals. 

The  strength  of  the  coupling  is  determined  by  the  square  root  of  the  nat¬ 
ural  energy  parameter:  the  ratio  of  the  quantization  energy  to  the  energy  gap, 
A Ehit/{Eg  +  A Eh,e)-  It  is  clear  that  in  narrow  gap  semiconductors  the  coupling 
is  always  strong  because  this  parameter  is  then  on  the  order  of  unity.  But  even 
in  moderate  gap  semiconductors  the  square  root  dependence  greatly  magnifies  the 
role  of  the  coupling.  An  unexpected  result  is  the  sensitivity  of  the  coupling  to 
the  ratio  of  the  remote  band  contributions  to  the  electron  and  light  hole  effective 
masses,  <2/(71  +  47).  The  mixing  of  the  conduction  band  in  hole  states  is  pro¬ 
portional  to  the  square  root  of  this  ratio.  But  it  is  the  inverse  of  this  ratio  that 
governs  the  valence  band  mixing  in  electron  states.  If  it  is  weak  for  one  carrier  it  is 
strong  for  the  other.  This  ratio  then  could  produce  quite  large  an  admixture  even 
if  the  confinement  energy  were  much  smaller  than  the  energy  gap,  or,  conversely, 
considerably  decrease  the  admixture  even  though  A Eh,e  >  Eg. 

Fig.2  shows  the  size  dependence  of  the  lowest  electron  and  hole  levels  calcu¬ 
lated  for  parameters  close  to  those  of  InP  but  taking  A  =  0.  In  the  upper  panel 
we  show  the  lS(e)  electron  level  calculated  in  parabolic  approximation,  taking 
nonparabolicity  of  the  electron  band  into  account,  and  finally  the  results  of  the 
calculation  within  the  PB  model  using  two  different  sets  of  parameters. 

In  parabolic  approximation  the  hole  ground  lP3/2(h)  state  has  p-type  sym¬ 
metry  in  InP.  This  state  is  a  heavy  hole  state  only  and  is  not  affected  by  the 
coupling.  Selection  rules  however  do  not  allow  transitions  from  this  state  to  the 
ground  Is  electron  state.  The  first  lS,3/2(h)  hole  state,  from  which  transitions  to 
the  first  electron  level  are  allowed  is  shown  here  in  parabolic  approximation,  tak¬ 
ing  nonparabolicity  of  the  light  holes  into  account  and  in  the  PB  model  for  two 
sets  of  parameters.  The  first  set  of  energy  band  parameters,  with  negative  a,  was 
determined  for  bulk  InP  (Eg  =  1.424  eV,  Ep  =  20.6  eV,  a  =  -1.2,  7  =  -0.51, 
and  7!  =  0.41);  for  the  second  set,  with  positive  a,  (Eg  =  1.424  eV,  Ep  =  18.0  eV, 
a  =  0.58,  7  =  -0.23,  and  71  =  1.11)  we  changed  Ep  by  only  10%,  but  retained 
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the  bulk  InP  values  of  the  electron  (mc)  and  hole  effective  masses  (m^,  mjh),  de¬ 
scribed  by  Eqs.  1  and  3.  Both  calculations  use  the  same  electron  and  hole  effective 
masses.  You  see  how  sensitive  the  spectra  of  the  quantum  size  levels  are  to  the 
parameters  used. 

Pseudopotentials  and  Multiband  Effective  Mass  Approxi¬ 
mation 

Figure  2  is  also  useful  for  discussing  the  recent  criticism  by  A.  Zunger  of  the 
effective  mass  approximation.  In  several  publications  (see  for  example  [16])  Zunger 
and  colleagues  compared  the  results  of  their  pseudopotential  calculations  with  the 
results  of  an  inappropriate  version  of  effective  mass  approximation  and  interpreted 
the  disagreement  as  a  failure  of  the  latter. 

It  is  important  to  remind  the  reader  that:  1)  pseudopotentials  are  not  actual 
atomic  potentials,  and  2)  parameters  of  these  potentials  are  determined  so  as  to 
reproduce  the  energy  spectra  around  the  critical  points  of  the  Brillouin  zone  of  the 
bulk  semiconductors  (they  are  not  unique).  That  is,  pseudopotential  calculations 
have  similar  limitations  as  the  effective  mass  approximation.  They  do  not  describe 
’’real”  surfaces  or  heterointerfaces  and  do  not  work  in  small  crystals. 

Furthermore,  and  of  particular  importance,  the  pseudopotential  Bloch  func¬ 
tions  depend  on  parameter  selection  and  differ  from  the  bulk  ones.  The  pseu¬ 
dopotentials  Zunger  et  al.  use  for  InP  may  very  well  describe  the  effective  masses 
of  electrons  and  holes,  but  the  Kane  matrix  element  calculated  with  his  Bloch 
functions  is  considerably  smaller  than  that  measured  (Ep  is  only  15  eV  in  his  cal¬ 
culations).  In  k-p  theory  this  means  that  he  underestimates  the  coupling  strength 
and  overestimates  the  effect  of  remote  bands.  Fig.2  shows  the  drastic  effect  of  such 
a  mistake  [17]. 

Absorption  Spectra  of  InAs  Nanocrystals 

The  8  band  theory  of  the  quantum  size  levels  describes  the  size  dependence  of  the 
absorption  spectrum  of  narrow  gap  InAs  nanocrystals.  The  bulk  energy  gap  of 
InAs  is  only  0.42  eV.  The  nanocrystals  studied  are  embedded  in  a  polymer  having 
an  optical  energy  gap  4.5  eV.  We  modeled  the  InAs  nanocrystals  by  a  spherical 
potential  well  with  conduction  and  valence  band  barrier  offsets  of  2  eV  .  For  finite 
barriers  the  system  of  radial  equations  from  ref.  [15]  have  been  solved  numerically 
[18). 

Fig.3  shows  the  photoluminescence  excitation  spectra  (PLE)  of  samples  of 
InAs  nanocrystals  with  diameters  between  25  and  68  A.  The  PLE  of  these  samples 
show  up  to  9  peaks  corresponding  to  the  transitions  between  a  number  of  electron 
and  hole  quantum  size  levels. 
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Fig.4  shows  the  spectra  plotted  as  a  function  of  the  ground  state  transition 
energy.  The  left  panel  compares  the  observed  transitions  with  those  calculated 
with  the  8  band  model  using  bulk  values  of  the  InAs  energy  band  parameters 
(Eg  =  0.418  meV,  A  =  0.38  eV,  Ep  =  21.6  eV,  =  19.7,  jL  =  8.9,  and  a  =  0.8). 
The  right  hand  panel  shows  the  calculated  relative  oscillator  strengths  for  the 
optically  active  transitions.  The  calculated  level  separations  and  their  intensities 
closely  reproduce  the  observed  strong  transitions.  For  example  the  calculations 
show  that  the  second  and  the  third  transition  to  the  15  electron  levels  cross  at  an 
energy  of  1.5  eV  and  their  intensities  exchange  there.  The  observed  E$  PLE  peak 
corresponds  to  one  of  these  transitions  for  large  dots  and  to  the  other  for  small 
dots.  This  explains  why  the  E3  peak  does  not  appear  to  shift  for  small  dots.  The 
next  two  strongest  transitions,  E5  and  E7  are  each  described  by  the  two  different 
transitions  to  the  IP  electron  level.  The  highest,  weak  excited  states  are  ascribed 
to  a  combination  of  several  of  the  transitions  listed  in  the  lower  panel. 

In  conclusion,  a  theory  of  the  quantum  size  levels  in  narrow  gap  semiconductor 
nanocrystals  based  on  the  spherical  PB  model  has  been  developed.  Analytical 
results  show  that  conduction  and  valence  band  coupling  may  be  important  even 
in  semiconductors  with  relatively  wide  gaps.  The  theory  successfully  describes  the 
observed  level  structure  and  transition  intensities  of  InAs  nanocrystals  embedded 
in  polymers. 

3  Giant  Internal  Magnetic  Fields  in  Nanocrys¬ 
tals 

The  great  enhancement  of  short  range  contact  interactions  is  one  of  the  most  inter¬ 
esting  properties  of  low  dimensional  semiconductor  structures.  These  interactions 
may  have  different  origins  and  completely  different  energy  scales.  The  Hamiltonian 
of  the  spin-spin  contact  interaction  can  be  generally  written, 

Hexch  =  -Voaca:c/.(Si  •  S2)<5(r1  -  r2)  ,  (7) 

where  v0  is  the  volume  of  the  primitive  cell  and  the  exchange  constant  ctexch  is  on 
the  order  of  10“3  — 10-2  meV  for  the  electron-nucleus  interactions,  ~  200— 500  me V 
for  electron-hole  interactions  and  ~  1  -  3eV  for  electron  or  hole  interactions  with 
a  magnetic  ion. 

The  magnitude  of  the  interaction  strongly  depends  on  the  average  distance 
between  the  interacting  spins,  ri  -  r2.  In  fact  it  is  inversely  proportional  to  the 
cube  of  this  distance.  In  bulk,  it  is  on  the  order  of  the  cube  of  the  Bohr  radius  of 
the  donor  or  exciton,  ajg, 

(<S(ri  -  r2))buik  =  ~x  I  (8) 
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in  nanocrystals,  it  is  on  the  order  of  the  cube  of  the  nanocrystal  radius, 

Wn-r2))NC  =  i.  (9) 

The  resulting  enhancement  of  this  interaction,  (£(ri  —  r2))Nc/(^(ri  —  r2))buik  ~ 
1.0  —  5.0  x  103,  can  be  as  much  as  three  orders  of  magnitude  in  small  nanocrystals. 

Dark  Exciton 

It  is  a  well  known  effect,  that  it  is  the  enhancement  of  the  electron-hole  exchange 
interaction  in  nanocrystals  that  leads  to  the  formation  of  the  Dark  Exciton.  In  bulk 
the  electron-hole  exchange  interaction  also  splits  the  exciton  into  optically  allowed 
and  optically  forbidden  (  Dark)  exciton  states.  The  magnitude  of  this  splitting  is 
only  { Hexch )  ~  0.01  -  0.1  meV.  In  nanocrystals,  however,  the  splitting  is  on  the 
order  of  10-20  meV.  This  huge  splitting  strongly  affects  the  photoluminescence  and 
has  been  observed  in  CdSe[19,  20,  21],  InP  [22]  and  InAs  [23]  nanocrystals  as  well 
as  in  porous  Si  [24,  25]. 

Magnetic  Fields  of  Nuclei  in  Nanocrystals 

A  huge  increase  occurs  in  the  effective  magnetic  field  acting  on  electrons  arising 
from  the  nuclei  in  nanocrystals.  This  field  can  be  written: 

H  =  (»Bge)-\  £  c^S^tr,)  ,  (10) 

t 

where  ^(r*)  is  the  electron  wave  function  at  the  i’th  nucleus,  ge  is  the  electron 
5-factor,  and  the  sum  goes  over  all  nuclear  positions. 

At  high  temperature  (almost  any  temperature,  including  Helium  temperature, 
is  high  for  nuclei  if  they  are  in  equilibrium  with  the  lattice),  the  average  magnetic 
field  is  zero,  because  the  nuclear  spins  are  randomly  oriented.  However,  the  fluc¬ 
tuation  of  this  magnetic  field  does  not  depend  on  temperature.  The  magnitude  of 
this  random  magnetic  field  can  be  estimated  from  the  square  of  the  magnetic  field: 

<H2)  -  (/^S5e)_ ^0  ”1”  1)  f 

i  J 

=  0-67(/XBge)-^oSi(aLcft)2^(^  +  ^  (  (u) 

where  the  sum  goes  over  the  nuclei  in  a  primitive  cell.  The  fluctuation  of  the 
effective  magnetic  field  grows  as  \J (HP)  ~  1/a3/2  and  reaches  a  value  of  0.7T  in 
GaAs  nanocrystals  with  15A  radius.  This  fluctuation  may  be  responsible  for  the 
homogeneous  line  width  in  small  quantum  dots. 
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At  low  temperatures  of  the  nuclear  system,  which  can  only  be  attained  as  the 
result  of  dynamic  cooling,  alignment  of  the  nuclei  leads  to  the  Overhauser  effect 
and  to  polarized  PL  [26,  27]. 

The  energy  scale  of  all  these  effects  is  less  than  one  meV  but  they  become 
important  when  we  discuss,  for  example,  quantum  computing  or  single  electron 
transistors. 


Giant  Magnetic  Field  of  Magnetic  Ions 

A  completely  different  energy  scale  governs  the  enhancement  of  the  interaction  of 
electrons  and  holes  with  a  magnetic  ion.  The  effective  magnetic  field  of  a  single 
magnetic  ion  acting  on  the  electron  can  be  written: 

H  =  ,  (12) 

where  *I>c(r)  is  the  electron  wave  function  at  the  ion  position,  and  a is  on 
the  order  of  several  eV.  One  can  see  that  the  effective  magnetic  field  is  parallel 
to  the  ion  spin  direction,  that  its  magnitude  depends  on  the  ion  position  in  the 
nanocrystal,  and  that  it  grows  as  1/a3.  Calculations  show  that  this  field  can  reach 
thousands  tesla  and  splits  the  electron  spin  sublevels  by  as  much  as  10-100  meV. 

The  effective  magnetic  field  acting  on  a  hole  generally  cannot  be  written  in 
such  a  simple  form,  because  of  the  strong  spin-orbit  interaction  in  the  valence  band. 
The  effective  magnetic  field  acting  on  a  hole  is  not  parallel  to  the  spin  direction 
of  the  magnetic  ion  and  has  a  complicated  dependence  on  the  ion  position  in  the 
nanocrystal  [28],  Nevertheless  it  also  grows  as  1/a3,  reaches  thousands  tesla  and 
splits  hole  sublevels  by  as  much  as  100  meV. 

The  splitting  of  electron  and  hole  spin  sublevels  exists  in  zero  external  mag¬ 
netic  fields.  How  is  it  evidenced?  Because  of  the  random  orientations  of  the 
magnetic  ion  spins  in  an  ensemble  of  nanocrystals,  unpolarized  and  even  circularly 
polarized  light  will  excite  transitions  between  all  possible  spin  sublevels.  As  a  re¬ 
sult,  a  broadening  occurs  in  the  absorption  spectrum  of  the  allowed  transitions  in 
zero  magnetic  field  instead  of  a  splitting. 

To  observe  the  splitting,  we  need  to  apply  an  external  magnetic  field,  B,  which 
aligns  all  the  ion  spins  along  the  direction  of  the  field.  In  this  case,  circularly 
polarized  light  will  excite  appropriate  individual  components  of  the  spin  sublevels 
in  accordance  with  the  appropriate  selection  rules.  A  comparison  of  the  absorption 
of  right  and  left  circularly  polarized  light  gives  the  spin  sublevel  splitting.  The 
degree  of  the  magnetic  ion  spin  alignment  is  determined  by  the  Brillouin  function, 
Bs{x ): 

(S)=SBs(y^),  (13) 

which  is  a  function  of  the  ratio  of  the  magnetic  energy,  gg,BSB  to  the  temper¬ 
ature,  T,  and  g  is  the  magnetic  ion  ^-factor.  Bs{x )  =  1  when  x  1,  so  that 
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at  low  temperature  or  high  magnetic  field  one  can  reach  a  100%  alignment  if  the 
nanocrystals  contain  one  magnetic  ion.  This  allows  us  to  measure  the  value  of  the 
sublevel  splitting. 

The  maximum  splitting  occurs  when  the  ion  is  at  the  center  of  the  nanocrystal. 
Existing  technology  does  not  allow  us  to  make  such  crystals  at  present;  ions  can 
occupy  any  possible  metal  site  in  the  crystal.  Assuming  equal  probability  of  all  the 
ion  positions,  we  obtain  an  average  splitting  of  the  electron  and  hole  spin  sublevels 
which  is  six  times  smaller  than  the  maximum  value: 

A  ^  =  o&(e,fc)5i^?.  (14) 

This  is  the  average  splitting  in  nanocrystals  containing  a  single  magnetic  ion. 
Isolation  of  the  ions  in  a  nanocrystal  is  important.  Increasing  the  magnetic  ion 
concentration  in  bulk  leads  to  pairing  and  to  a  decrease  in  the  effective  magnetic 
field. 

It  is  not  a  simple  problem  to  avoid  this  effect  without  using  special  techniques. 
Statistically,  even  if  we  have  one  magnetic  ion  per  crystal  on  the  average,  some 
nanocrystals  contain  no  magnetic  ion  at  all,  and  some  have  2  magnetic  ions  per  dot. 
For  example  in  an  ensemble  of  16A  radius  crystals  with  an  average  concentration 
of  one  magnetic  ion  per  crystal  on  average,  38%  of  the  nanocrystals  are  empty, 
38%  have  one  ion  per  dot  and  20%  have  two  magnetic  ions  per  dot.  This  last  group 
of  crystals  decreases  the  average  effective  magnetic  field  for  the  ensemble. 

In  conclusion,  a  giant  enhancement  of  spin-spin  contact  interactions  occurs  in 
nanocrystals.  Even  the  interaction  with  the  nuclei  becomes  increasingly  important 
with  decreasing  quantum  dot  size.  The  presence  of  a  magnetic  ion  dopant  results 
in  a  giant  effective  magnetic  field  which  splits  the  electron  and  hole  sublevels  by 
as  much  as  100  meV  in  small  nanocrystals.  This  field  leads  to  a  giant  Faraday 
effect  and  Magneto  Circular  Dichroism.  To  maximize  this  field  one  should  have 
one  magnetic  ion  per  crystal  sitting  at  its  center. 
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Figure  1:  The  bulk  band  structure  of  a  typical  direct  gap  semiconductor  with 
cubic  or  zinc  blende  lattice  structure  and  having  its  band  edge  at  the  T-point  of 
the  Brillouin  zone.  The  boxes  show  the  region  of  applicability  of  different  effective 
mass  approximation  models  used  for  the  calculation  of  electron  and  hole  QSLs. 
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Figure  2:  Size  dependence  of  the  lowest  QSLs  in  InP  nanocrystals,  with  A  =  0,  cal¬ 
culated  using  different  approximations:  a)  the  15e  electron  level  and  b)  the  lP\/2(h) 
and  15372(h)  hole  levels.  Dotted  lines  show  the  results  of  calculations  within  the 
simple  parabolic  approximation  for  the  conduction  band  and  the  Luttinger-Kohn 
parabolic  approximation  for  the  valence  band.  Dashed  lines  show  the  effect  of  the 
nonparabolicity  of  the  electron  and  light  hole  spectra  without  taking  the  coupling 
of  the  conduction  and  valence  bands  into  account.  Solid  lines  show  the  results 
of  the  calculations  done  within  the  8-band  Pidgeon  and  Brown  model  for  the  set 
of  energy  band  parameters  discussed  in  the  text  for  a  >  0  and  a  <  0.  The  size 
dependence  of  the  1P3/2(/i)  hole  state  is  the  same  for  all  these  models. 
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Figure  4:  Map  of  the  low  lying  levels  of  In  As  nanocrystals  extracted  from  the 
PLE  experiments.  Transition  energies  relative  to  the  lowest  transition  are  plotted 
versus  the  energy  of  the  lowest  transition.  Left  panel:  The  experimental  results  are 
compared  with  the  levels  calculated  using  the  PB  model.  Right  panel:  Calculated 
oscillator  strengths,  represented  by  relative  darkness,  for  the  transitions  in  the  left 
frame. 
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ABSTRACT 

The  fundamental  physics  of  multi-exciton  states  in  semiconductor 
nanocrystals  (quantum  dots)  are  discussed  focusing  on  the  mesoscopic 
enhancement  of  the  excitonic  optical  nonlinearity  and  the  mechanism 
of  their  saturation  with  increase  of  the  nanocrystal  size.  The  weakly 
correlated  exciton  pair  states  are  found  to  cause  significant  cancellation 
effect  in  the  third-order  nonlinear  optical  susceptibility  at  the  exciton 
resonance,  leading  to  saturation  of  the  mesoscopic  enhancement  of  the 
excitonic  optical  nonlinearity.  The  presence  of  the  weakly  correlated 
exciton  pair  states  is  confirmed  convincingly  from  the  good  correspon¬ 
dence  between  theory  and  experiments  on  the  induced  absorption  spec¬ 
tra  from  the  exciton  state  in  CuCl  nanocrystals.  Both  dephasing  and 
population  relaxation  of  excitons  localized  in  quantum  dot-like  islands 
in  narrow  GaAs  quantum  wells  are  investigated  by  using  the  three- 
pulse  stimulated  photon  echo  method.  A  direct  comparison  of  these 
two  closely  related  decay  processes  reveals  the  presence  of  pure  dephas¬ 
ing  that  dominates  excitonic  dephasing  at  elevated  temperatures.  The 
pure  dephasing  contribution  arises  from  coupling  of  excitonic  states 
with  a  continuum  of  acoustic  phonons  and  is  enhanced  by  3D  quantum 
confinement.  Both  the  magnitude  and  the  temperature  dependence  of 
the  dephasing  rate  can  be  described  satisfactorily  by  a  model  that  gen¬ 
eralizes  the  Huang- Rhys  theory  of  i^-centers.  We  clarify  the  origin  of 
qualitative  difference  in  the  temperature  dependence  of  the  excitonic 
dephasing  rate  for  QDs  with  weak  and  strong  quantum  confinement. 
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I.  Introduction 


Optical  properties  of  three-dimensionally  confined  electrons  and  holes  in  semi¬ 
conductor  nanocrystals  (quantum  dots)  have  been  extensively  studied  in  recent 
years  from  the  interest  in  the  fundamental  physics  of  finite  systems  as  well  as  in 
their  potential  use  as  efficient  nonlinear  optical  and  laser  materials.  The  spatial 
confinement  of  electrons  and  holes  leads  to  a  discrete  energy  level  structure  with 
sharp  absorption  lines  as  in  atoms.  The  concentration  of  the  oscillator  strength  into 
well  defined  energies  makes  quantum  dots  (QDs)  very  attractive  for  electro-optic 
and  nonlinear  optical  applications. 

In  addition  to  the  spatial  confinement,  the  Coulomb  interaction  between  the 
excited  electrons  and  holes  also  plays  an  important  role  in  determining  the  ex¬ 
citation  spectra  of  QDs.  This  is  especially  true  in  most  of  the  currently  studied 
crystallites  of  II- VI  and  I- VII  semiconductors  like  CdS,  CdSe,  CuCl  etc.,  owing  to 
the  large  exciton  binding  energy  in  these  materials.  The  formation  of  excitons  and 
biexcitons  in  dots  of  radius  (R)  larger  than  several  times  the  exciton  Bohr  radius 
(aex)  leads  to  strong  optical  response  at  the  exciton  resonance.  In  fact,  in  this  weak 
confinement  regime  (R  >  aex),  the  exciton  oscillator  strength  is  proportional  to 
the  volume  of  the  quantum  dot.  Consequent  superradiant  decay  of  the  exciton  has 
been  experimentally  observed  [1,2]  with  the  lifetime  decreasing  inversely  as  the  vol¬ 
ume  of  the  QD.  But  the  deviation  from  this  proportionality,  i.e.,  the  saturation  of 
the  excitonic  radiative  decay  rate  was  observed  at  the  large  size  region.  The  meso¬ 
scopic  enhancement  of  the  exciton  oscillator  strength  would  lead  to,  for  example, 
a  nonlinear  optical  susceptibility  increasing  with  the  size  of  the  QD.  The  nonlinear 
response  is,  however,  determined  not  only  by  the  exciton  states  but  also  by  multi- 
exciton  states  and  especially  by  the  biexcitonic  excitations.  Recent  experiments 
on  CuCl  QDs  in  the  weak  confinement  regime  have  revealed  many  interesting  fea¬ 
tures  including  enhanced  nonlinear  optical  susceptibility  with  an  intriguing  size 
dependence  [3],  very  large  gain  for  biexcitonic  lasing  [4]  and  a  blue  shift  of  the 
excitonic  absorption  under  a  strong  pump  beam  [5].  These  observations  indicate 
significance  of  the  interplay  of  excitonic  and  biexcitonic  states. 

Recently,  we  discovered  a  weakly  correlated  (antibound)  exciton  pair  state 
with  a  large  oscillator  strength,  namely  one  of  the  excited  biexciton  states  which 
provides  important  insights  into  various  features  of  the  experimental  observations 
mentioned  above  [6,7].  We  calculate  the  third-order  nonlinear  optical  susceptibility 
at  the  exciton  resonance  and  clarify  the  underlying  physics  of  the  observed  satu¬ 
ration  [3]  of  the  mesoscopic  enhancement  which  has  so  far  eluded  a  satisfactory 
explanation.  We  also  study  the  excited  state  absorption  from  the  exciton  ground 
state.  From  the  comparison  between  the  theory  and  experiments  concerning  the 
induced  absorption  spectra,  i.e.,  the  pump-and-probe  spectroscopy,  we  obtain  a 
convincing  evidence  for  the  presence  of  the  weakly  correlated  exciton  pair  states 
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[8,91. 

A  resonant  optical  excitation  creates  an  excited  state  population  and  also 
induces  an  optical  polarization.  Dynamics  of  this  optical  excitation  is  charac¬ 
terized  by  relaxation  of  the  population  as  well  as  decay  of  the  induced  optical 
polarization.  In  lower  dimensional  semiconductors,  electronic  confinement  leads  to 
qualitative  changes  in  population  relaxation  including  spontaneous  emission  and 
exciton-phonon  scattering,  as  shown  in  extensive  recent  studies[10].  These  popula¬ 
tion  relaxation  processes  are  expected  to  contribute  to  dephasing  with  a  dephasing 
rate  given  by  Tj|/2  where  Tj|  is  the  population  decay  rate.  Pure  dephasing  processes 
that  do  not  involve  population  or  energy  relaxation  of  excitons  can  also  contribute 
to  dephasing.  Pure  dephasing,  which  is  a  well-established  concept  for  atomic  sys¬ 
tems,  remains  yet  to  be  investigated  in  lower  dimensional  semiconductors  due  to 
a  lack  of  direct  comparison  between  dephasing  and  population  relaxation  and  be¬ 
tween  theory  and  experiment.  Understanding  pure  dephasing  processes  in  lower 
dimensional  semiconductors  bridges  our  fundamental  understanding  of  dephasing 
of  atomic  systems  and  of  collective  excitations  in  solids. 

Narrow  GaAs  quantum  wells(QWs)  grown  by  molecular  beam  epitaxy(MBE) 
and  with  growth  interruptions  have  provided  a  model  system  for  investigating  de¬ 
phasing  processes  in  lower  dimensional  semiconductors.  In  these  narrow  QWs, 
fluctuations  at  the  interface  between  GaAs  and  AlGaAs  lead  to  localization  of  ex¬ 
citons  at  monolayer-high  islands.  These  localized  states  can  be  regarded  effectively 
as  weakly-confined  quantum  dot(QD)-like  states.  One  dimension  of  the  confine¬ 
ment  is  defined  by  the  width  of  the  QW,  while  the  other  two  lateral  dimensions  are 
defined  by  the  effective  size  of  the  islands.  To  avoid  inhomogeneous  broadening 
due  to  well- width  and  island-size  fluctuations,  earlier  studies  have  used  photolu- 
minescence(PL)  and  PL  excitation  with  high  spatial  resolution  to  probe  excitons 
in  individual  islands[ll-13].  As  a  result,  a  very  narrow  linewidth  of  about  several 
tens  of  (J.eV  was  observed.  The  origin  of  this  narrow  linewidth  is  very  interesting 
to  study.  Without  additional  information  on  population  relaxation,  it  was  sug¬ 
gested  that  at  very  low  temperature  dephasing  of  excitons  in  these  structures  is 
due  to  radiative  recombination,  while  at  elevated  temperature  dephasing  is  mainly 
due  to  thermal  activation  of  excitons  to  higher  excited  states [13].  However,  this 
interpretation  is  not  complete  since  both  of  the  suggested  processes  belong  to  the 
longitudinal  decay  processes  and  the  dephasing  rate  is  in  general  composed  of  half 
the  longitudinal  decay  rate  and  the  pure  dephasing  rate.  In  order  to  examine  the 
presence  of  pure  dephasing  in  this  system,  we  carried  out  nonlinear  optical  mea¬ 
surements  of  the  exciton  dephasing  based  on  the  three-pulse  stimulated  photon 
echo  method[14].  We  clarified  for  the  first  time  the  presence  of  pure  dephasing  of 
excitons  localized  in  QD-like  islands  and  presented  a  theoretical  model  that  can 
explain  satisfactorily  the  magnitude  as  well  as  the  temperature  dependence  of  the 
dephasing  rate. 
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II.  Exciton  and  Biexciton  Energy  Levels 

In  order  to  discuss  the  excitonic  optical  nonlinearity,  we  have  to  know  the  en¬ 
ergy  spectra  of  excitons  and  biexcitons.  In  this  section,  we  are  mainly  concerned 
with  CuCl  nanocrystals  in  which  several  beautiful  experiments  were  carried  out.  In 
CuCl  having  the  zincblende  structure,  the  conduction  band  bottom  at  the  T-point 
has  the  T6  symmetry  and  is  doubly  degenerate  due  to  the  spin  degree  of  freedom, 
whereas  the  valence  band  top  at  the  T-point  has  the  symmetry  characterized 
by  the  spin-orbit  combined  angular  momentum  j  —  l  +  s  —  1/2  and  is  doubly  de¬ 
generate.  This  situation  is  caused  by  the  negative  sign  of  the  spin-orbit  interaction 
energy  and  is  in  striking  contrast  to  the  usual  situation  where  the  topmost  valence 
band  has  the  T8  symmetry  (j  =  3/2)  and  is  four-fold  degenerate.  The  four  exciton 
states  that  can  be  formed  from  these  doubly  degenerate  electron  and  hole  states 
split  into  a  non-degenerate  state  of  T2  symmetry  and  a  triply  degenerate  state 
of  r5  symmetry.  These  states  can  be  labeled  by  their  total  angular  momentum, 
7  =  0  and  1,  respectively.  The  /  =  1  state  is  triply  degenerate  and  is  a  mixture 
of  spin-singlet  and  spin-triplet  electron-hole  pair  states.  The  7  =  0  state  is  purely 
spin-triplet  and  has  no  exchange  contribution  to  the  energy.  It  is  the  7=1  exciton 
state  that  is  optically  active  since  it  contains  the  spin-singlet  component. 

Now  we  consider  the  biexciton  states.  They  can  be  specified  by  the  total 
angular  momentum  (J,M)  of  the  Bloch  function.  From  7  =  0  and  7  =  1  ex¬ 
citon  states,  we  may  generate  biexciton  states  with  the  Bloch  function  angular 
momentum  J  =  0, 1  or  2: 

0(2>0  =  0  or  r2  <8>  F2  =  Ti  , 

i®o  =  lor  r5<g>r2  =  r4, 

i0i  =  o  ©  i  ©  2  or  r5  0  r5  =  Ti  ©  r4  ©  (r8  ©  Fs) . 

Thus  an  7  =  0  exciton  pair  will  get  mixed  with  an  7  =  1  pair  to  give  J  =  0 
biexciton  states  while  7=1  pairs  will  form  *7  =  2  biexcitons  and  a  pair  made  up 
of  7  =  0  and  7=1  excitons  will  mix  with  an  7  =  1  pair  to  give  J  =  1  biexcitons. 

Only  the  Ts  (7  =  1)  excitons  are  optically  excited  from  the  ground  state.  As 
the  r5  exciton  state  is  three-fold  degenerate,  subsequent  excitation  of  the  biexci¬ 
ton  states  will  be  dependent  on  the  polarization  of  the  exciton  state.  For  the  z- 
polarization,  only  the  (7  =  1,  7*  =  0)  exciton  states  can  be  excited  by  one- photon 
absorption  from  the  ground  state,  while  only  the  ( J  =  0,  Jz  =  0)  and  ( J  =  2, 
Jz  =  0)  biexciton  states  are  excited  by  subsequent  one-photon  absorption.  In  Fig. 
1,  we  plot  the  squared  dipole  moments  for  the  exciton  to  biexciton  transitions  as  a 
function  of  the  transition  energy  for  a  few  different  values  of  the  radius.  The  most 
interesting  result  is  the  existence  of  two  nearly  degenerate  excited  biexciton  states 
at  around  twice  the  exciton  energy  with  large  oscillator  strength.  These  states 
have  oscillator  strengths  increasing  proportional  to  the  QD  volume,  and  the  sum 
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of  their  oscillator  strengths  approximately  equals  twice  that  of  the  exciton.  Inter¬ 
estingly,  we  find  that  the  wave  functions  of  these  states  are  well  approximated  by  a 
product  of  two  independent  ground  state  exciton  states,  especially  at  larger  sizes. 
In  this  sense,  we  can  name  these  states  “  the  weakly  correlated  exciton  pair  states” . 
Because  of  their  large  oscillator  strength,  these  states  will  dominate  the  excited 
state  absorption  as  well  as  crucially  influence  the  excitonic  optical  nonlinearity. 

While  the  exciton  oscillator  strength  is  proportional  to  the  volume  of  the 
crystallite,  the  oscillator  strength  of  transition  from  the  exciton  state  to  the  bound 
biexciton  state  tends  towards  a  constant  value  in  the  bulk  limit.  This  behavior 
can  be  understood  by  the  following  simple  physical  argument.  The  creation  of 
a  biexciton  from  an  exciton  state  involves  creation  of  a  second  exciton  spatially 
close  to  the  first  one,  within  the  volume  of  the  biexciton.  Thus  in  the  bulk  limit, 
the  biexciton  oscillator  strength  is  of  the  order  of  the  exciton  oscillator  strength 
corresponding  to  a  coherence  volume  equal  to  the  volume  of  the  biexciton.  This  is 
a  constant  determined  by  the  size  of  the  biexciton. 

III.  Weakly  Correlated  Exciton  Pair  States 

Let  us  consider  the  creation  of  a  second  exciton  in  a  QD  much  larger  in  size 
than  the  exciton,  when  an  exciton  is  already  created.  Such  a  process  will  be  most 
efficient  when  the  second  exciton  is  created  uncorrelated  with  the  first  one,  as  it 
then  would  have  an  oscillator  strength  of  the  same  order  as  that  of  creating  a  single 
exciton.  Such  an  uncorrelated  exciton  pair  can  be  an  approximate  eigenstate  of 
a  large  QD  because  the  exciton-exciton  interaction  is  short  ranged  (dipole-dipole 
like),  unlike  the  electron-hole  interaction  in  an  exciton.  We  may,  in  fact,  construct 
two  such  excited  states  with  almost  the  same  energy 

=  (l/v/2)(^(ri,ra)^(r2,r6)  ±  4>x{rurb)<j>ax(r2,ra))  ,  (1) 

where  <f>9x  is  the  envelope  function  of  the  exciton  ground  state. 

In  the  limit  of  large  R  these  two  states  ($++  and  $““)  have  a  combined  oscil¬ 
lator  strength  and  energy  twice  those  of  the  exciton  ground  state.  The  exchange 
interaction  splits  these  into  four  states,  two  with  J  =  0,  and  one  each  with  J  —  1 
and  J  =  2.  The  corresponding  wave  functions  are  given  by 

^xxo  =  -^-^xxXw  -  2^xxXol  >  (2) 

=  2$Xxoo  +  “y*$xxXoo  >  (3) 

$xxi  -  ®x~xXim  »  (4) 
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=  $xxx\ M  >  (®) 

where  x^jf  is  the  Bloch  function  for  the  total  angular  momentum  (J,  M)  composed 
of  two-electron  and  two-hole  states  with  angular  momentum  je  and  jh)  respectively 
[7].  Only  two  of  these,  XXO  and  XX2  (respectively  with  J  ~  0  and  J  =  2)  are 
excited  by  two-step  excitation  via  the  I  -  1  exciton  ground  state.  The  transition 
dipole  moments  for  excitation  of  the  states  XXO  and  XX2  from  the  exciton  ground 
state  are  respectively  equal  to  ^2/3  and  y^4/3  times  that  of  the  exciton  ground 
state.  The  larger  oscillator  strength  for  XX2  can  be  understood  from  the  fact  that 
the  XX2  state  consists  of  only  the  totally  anti-symmetric  envelope  function  so  that 
the  XX2  state  is  spatially  more  extended  than  the  XXO  state,  leading  to  the  larger 
oscillator  strength  of  transition  from  the  exciton  ground  state.  In  the  limit  of  large 
R,  the  states  XXO  and  XX2  have  a  combined  oscillator  strength  of  twice  that  of 
the  exciton  ground  state. 

It  is  interesting  to  note  that  the  factor  of  two  in  the  oscillator  strength  may  also 
be  understood  as  the  bosonic  enhancement  factor  corresponding  to  the  creation  of  a 
second  identical  exciton.  It  would  be  interesting  to  extend  this  picture  to  creation 
of  multiple  exciton  states  in  large  QDs.  We  note  that  the  independent  boson 
picture  implicit  in  this  argument  is  reasonable  as  long  as  the  QD  is  large  enough 
to  accommodate  the  excitons  without  considerable  overlap.  Further  investigation 
of  this  aspect  is  left  for  future  study. 


IV.  Nonlinear  Optical  Properties 

IV. 1  Size  Dependence  of  the  Third  Order  Nonlinear 
Susceptibility 

As  discussed  above,  the  weakly  correlated  exciton  pair  states  have  a  large  oscil¬ 
lator  strength.  As  the  excitonic  and  two-excitonic  contributions  to  the  third  order 
nonlinear  susceptibility  have  opposite  signs,  the  weakly  correlated  state  would  play 
a  crucial  role  in  determining  the  resonant  excitonic  nonlinearity  in  large  QDs.  We 
shall  now  investigate  this  in  detail. 

The  third  order  nonlinear  susceptibility,  X^H~' w;w,u>)  — w)  can  be  obtained 
from  the  perturbation  theory  [15]  as 


X(3)  (-w;w,w,-w)  = 

__  '/yV  _ hi _  _ _ j 

1  7*  2^37||  Ks  -  w)2  +  il3  {«(w«0  -  w)  +  7Cfl  -  u)  +  76eJ 

_ 1 

7^  4ft3  i{ueg  -  w)  +  leg  ifabg  ~  2tu)  +  7fc3 
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1 _ 1 

i(ueg  -u;)  +  7e5  i(ube  -  u)  +  jbe 

where  fiij  and  7 ,j,  respectively,  denote  the  energy,  dipole  moment  and  dephas¬ 

ing  rate  corresponding  to  a  transition  between  the  states  i  and  j.  The  subscripts 
g ,  e  and  6,  denote  the  ground  state,  the  exciton  states  and  the  biexciton  states, 
respectively.  7j  denotes  the  exciton  population  decay  rate  and  N  is  the  number 
density  of  the  quantum  dots. 

The  first  term  in  (6)  arises  from  the  saturation  of  the  exciton  population  while 
the  second  term  arises  from  the  two  photon  coherence  of  the  biexciton  state.  Thus 
there  will  be  resonant  enhancement  of  x*3^  at  the  exciton  to  biexciton  transition 
energy  as  well  as  at  the  exciton  energy.  In  the  weak  confinement  regime  that 
we  consider,  the  mesoscopically  enhanced  exciton  oscillator  strength  would  lead 
to  mesoscopic  enhancement  of  x^  at  the  exciton  resonance.  On  the  other  hand, 
the  oscillator  strength  of  transition  from  the  exciton  to  the  bound  biexciton  state 
saturates  towards  a  constant  value  and  no  mesoscopic  enhancement  of  x^  would 
appear  at  the  exciton  to  the  bound  biexciton  transition  energy.  In  fact,  the  reso¬ 
nant  excitonic  x^  of  CuCl  QDs  has  been  observed  [3]  to  increase  with  the  radius 
of  the  QD,  exhibiting  such  a  mesoscopic  enhancement.  But  as  R  is  increased  to 
about  50A  (at  77K),  X(3)  was  seen  to  saturate  and  then  to  decrease  with  further 
increase  in  R.  This  size  dependence  has  never  been  explained  satisfactorily.  We 
shall  see  below  that  this  saturation  of  the  excitonic  contribution  to  x^  and  the 
reversal  of  its  size  dependence  arise  from  the  competition  between  contributions 
from  the  weakly  correlated  exciton  pair  states  and  from  the  exciton  ground  state. 
The  weakly  correlated  exciton  pair  states  have  mesoscopically  enhanced  oscillator 
strength  in  contrast  to  the  bound  biexciton  states  and  a  proper  consideration  of  the 
size  dependence  of  x^  should  include  contribution  from  such  states,  as  described 

by  (6). 

Now  we  consider  the  size  dependence  of  the  mesoscopically  enhanced  x*3^  at 
the  lowest  exciton  resonance.  As  there  is  considerable  linear  absorption  at  the 
exciton  resonance  it  would  be  appropriate  to  consider  the  figure  of  merit  defined 
by  |x^|/aT  where  a  is  the  linear  absorption  coefficient  and  r  is  the  population 
lifetime  of  the  exciton.  This  quantity  has  a  meaning  of  the  change  in  the  absorption 
coefficient  induced  by  an  exciton  in  the  unit  volume  [15].  Here  r  includes  the 
contribution  from  both  the  radiative  and  the  non-radiative  decay  processes.  Since 
theoretical  estimate  of  the  latter  contribution  cannot  be  very  precise,  we  consider 
rj  —  |x^l/a  instead  of  the  above  definition  of  the  figure  of  merit. 

In  Fig.  2(a)  we  plot  the  maximum  value  of  the  |x^l/«  as  a  function  of  the  ra¬ 
dius  for  CuCl  QD.  In  the  size  range  considered,  the  peak  value  of  x^  occurs  almost 
exactly  at  the  exciton  resonance  frequency.  Several  values  of  7^  are  considered. 
For  a  small  value  of  7 *  (less  than  a  meV),  77  increases  at  small  sizes  sublinearly 
with  R ,  the  rate  of  increase  slightly  decreasing  as  R  increases  to  10aex-  But,  as 
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7 h  is  increased,  this  behavior  dramatically  changes.  We  find  that  at  the  radius 
for  which  7/,  becomes  comparable  to  the  energy  difference  SE  =  Exxo  —  2 Ex  or 
Exx2  -  2 EXt  where  Ex{Exx o>  Exx 2)  is  the  energy  of  exciton  (weakly  correlated 
exciton  pair)  state,  the  increase  of  x*3)  tends  to  saturate  and  x(3)  decreases  with 
further  increase  in  R.  This  correspondence  between  7^  and  the  size  dependence  of 
the  energy  difference  ( SE )  is  illustrated  in  Fig.  2(b).  For  the  case  of  7 h  =  3meV, 
the  size  at  which  6E  «  7 h  is  estimated  to  be  R  =  68A  and  this  value  is  in  good 
agreement  with  the  radius  at  which  x*3Va  shows  a  maximum  in  Fig.  2(a). 

This  behavior  can  be  understood  as  arising  from  the  cancellation  between 
contributions  from  the  exciton  state  and  from  the  weakly  correlated  exciton  pair 
states  which  occurs  significantly  around  6E  ~  7*.  In  very  small  QDs  where  the 
electron-hole  correlation  is  negligible,  x*3*  arises  from  the  atomic-like  level  filling 
mechanism,  while  in  the  bulk  semiconductor  one  would  have  excitons  behaving  like 
independent  bosons  strongly  suppressing  the  excitonic  contribution  to  x^*  The 
presence  of  the  weakly  correlated  exciton  pair  states  with  nearly  twice  the  exciton 
energy  and  with  nearly  twice  the  exciton  oscillator  strength  that  we  have  identified 
in  large  QDs  implies  approach  to  such  a  bulk-like  behaviour. 

In  actual  samples,  there  is  also  inhomogeneous  broadening,  probably  due  to 
size  and  shape  inhomogeneities  of  the  nanocrystals.  In  the  absence  of  detailed  in¬ 
formation  on  the  inhomogeneous  broadening,  we  assume  a  phenomenological  Gaus¬ 
sian  inhomogeneous  broadening  with  a  common  width  7,^  for  all  the  one-photon 
transition  frequencies,  u)eg  and  u>6e.  Then  the  average  over  the  inhomogeneous 
broadening  is  equivalent  to  that  over  the  excitation  photon  energy  and  we  have 
the  average  x^  given  by 

J  -V)  exp[-(w  -  wOVtJJ  du’ .  (7) 

A  similar  averaging  is  done  for  a.  In  Fig.  3,  we  show  the  size  dependence  of  |x^|/c* 
for  different  values  of  homogeneous  and  inhomogeneous  broadening  of  the  exciton 
and  biexciton  states.  Increasing  the  inhomogeneous  width  causes  the  saturation 
radius  to  shift  to  lower  values.  We  note  that  the  experimentally  measured  value 
of  7 h  =  0.9meV  for  R  >  50 A  is  somewhat  too  small  to  cause  the  strong  saturation 
observed  around  R  —  50A  unless  considerable  inhomogeneous  broadening  is  also 
present. 


IV.2  Excited  State  Absorption  from  the  Exciton  Ground 

State 

There  is  a  growing  interest  in  size  selective  spectroscopy  of  semiconductor 
crystallites.  Recent  progress  in  experiments  has  revealed  the  discrete  energy  level 
structures  not  only  in  the  excitation  spectrum  [16,17]  but  also  in  the  excited  state 
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absorption  spectra  by  resonant  pump-probe  technique  [8,9].  Using  the  exciton  and 
biexci tonic  states  calculated  above,  we  can  now  predict  the  absorption  spectra  of 
excited  crystallites  in  which  one  exciton  has  already  been  created. 

We  consider  a  pump-probe  experiment  in  which  a  linearly  polarized  pump 
pulse  excites  a  crystallite  into  the  exciton  ground  state  and  a  collinear  probe  pulse 
that  follows  probes  the  absorption  spectra  of  this  excited  crystallite.  We  take  the 
pump-probe  propagation  direction  to  be  the  x-axis  and  the  pump-polarization  to 
be  along  the  2-axis,  without  loss  of  generality.  The  created  exciton  is  in  the  7=1 
(r8)  state  with  Jz  =  0.  Subsequent  absorption  of  a  probe  photon  can  then  excite 
the  (7  =  0  and  7  =  2  ,  Jz  =  0)  biexciton  states  if  the  probe  is  2-polarized,  and 
the  (7  =  1  and  7  =  2  ,  Jz  =  ±1)  biexciton  states  if  the  probe  is  y-polarized. 

The  oscillator  strength  of  transitions  from  the  exciton  ground  state  is  plotted 
in  Fig.  1.  The  lowest  energy  absorption  peak  red-shifted  from  the  exciton  energy 
corresponds  to  the  biexciton  ground  state.  There  are  a  few  weak  transitions  to 
the  excited,  but  bound,  biexciton  states  occurring  below  the  exciton  energy.  The 
strong  absorption  peaks  due  to  excitation  of  the  7=0  and  7  =  2  weakly  correlated 
exciton  pair  states  (denoted  by  •  and  *)  occur  blue-shifted  from  the  exciton. 

In  Fig.  4,  we  plot  the  energies  of  a  few  dominant  excited  state  absorption 
peaks  as  a  function  of  the  exciton  ground  state  energy,  i.e.,  the  pump  photon  en¬ 
ergy.  It  is  interesting  to  note  that  the  strongest  excited  state  absorption  to  the 
7  =  2  biexciton  state  shown  by  XX2  in  Fig.  4  has  a  linear  dependence  on  the 
exciton  ground  state  energy.  The  linear  proportionality  of  the  induced  absorption 
energy  to  the  exciton  confinement  energy  suggests  that  the  exciton  addition  en¬ 
ergy  is  primarily  determined  by  the  increase  in  the  kinetic  energy  proportional  to 
the  inverse  square  of  the  nanocrystal  radius  and  that  the  contribution  from  the 
changes  in  the  Coulomb  and  exchange  energies  are  subsidiary.  In  fact,  it  is  illu¬ 
minating  to  speculate,  by  invoking  the  center  of  mass  confinement  picture,  that 
the  weakly  correlated  exciton  pair  has  an  energy  equal  to  that  of  two  excitons 
confined  independently  in  a  region  of  half  the  volume  of  the  nanocrystal.  Such  a 
picture  gives  the  confinement  kinetic  energy  of  the  weakly  correlated  exciton  pair 
to  be  2^4  =  3.174  times  that  of  a  single  exciton.  Consequently,  the  corresponding 
excited  state  absorption  energy  is  linearly  dependent  on  the  exciton  energy  with  a 
slope  of  2v^4  -  1  ~  2.2.  The  close  agreement  of  this  slope  with  experiments  will 
be  discussed  in  the  next  section. 

IV. 3  Experimental  Observation  of  Weakly  Correlated 
Exciton  Pair  States 

Recently,  Ikezawa  et  al.  [8,9]  succeeded  in  observing  fine  structures  in  the 
excited  state  absorption  spectrum  and  the  features  in  the  observed  spectrum  agree 
well  with  those  expected  from  the  present  calculation.  In  their  pump-probe  ex- 
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periments  with  the  pump  tuned  to  the  exciton  absorption  energy,  they  observed  a 
strong  excited  state  absorption  of  the  probe,  blue  shifted  from  the  pump  energy, 
in  addition  to  the  absorption  peak  to  the  biexciton  ground  state.  The  strength  of 
the  induced  absorption  to  this  excited  biexciton  state  is  found  to  be  several  times 
larger  than  that  to  the  biexciton  ground  state  as  expected  from  the  calculation. 

Their  experimental  results  are  summarized  in  Fig.  5.  The  absorption  spectrum 
shown  by  a  solid  line  in  Fig.  5(a)  is  very  broad  due  to  the  inhomogeneous  size 
distribution  of  nanocrystals.  In  order  to  eliminate  the  inhomogeneous  broadening, 
they  excited  nanocrystals  size-selectively  using  a  spectrally  narrow  laser  line  and 
monitored  the  induced  absorption.  In  Fig.  5(b),  the  differential  absorption  spectra 
are  shown.  The  strongest  peak  is  the  main  hole  at  the  pump  photon  energy. 
On  both  sides  of  the  main  hole,  there  appear  clear  induced  absorption  peaks. 
These  structures  move  with  the  pump  photon  energy  confirming  the  size-selective 
excitation.  The  energy  positions  of  these  peaks  are  plotted  in  Fig.  6  as  a  function 
of  the  excitation  photon  energy.  The  solid  dots  represent  the  main  hole  at  the 
pump  photon  energy  and  the  dotted  line  has  a  slope  of  unity  as  a  matter  of  course. 
The  solid  triangles  denote  the  lower  energy  induced  absorption  peaks,  whereas  the 
open  triangles  depict  the  higher  energy  induced  absorption  peaks  and  the  dashed 
line  has  a  slope  of  2.0.  The  theoretical  results  of  the  peak  energies  of  induced 
absorption  are  already  given  in  Fig.  4.  The  solid  curve  denoted  by  BX  represents 
the  induced  absorption  from  the  exciton  ground  state  to  the  biexciton  ground  state. 
The  induced  absorption  to  the  excited  biexciton  state  with  J  =  0(2)  is  indicated 
by  XX0(XX2).  In  the  experiment  the  pump  and  probe  lights  are  orthogonally 
polarized  so  that  the  biexciton  states  with  J  =  0  cannot  be  excited  in  principle 
but  the  J  —  2  states  are  excited  strongly.  The  slope  of  the  XX2  line  is  about 
2.4  in  qualitative  agreement  with  the  experimental  value.  From  the  overall  good 
correspondence  between  theory  and  experiments,  we  can  identify  the  lower  energy 
peak  as  the  induced  absorption  to  the  biexciton  ground  state  and  the  higher  energy 
peak  as  the  induced  absorption  to  the  J  =  2  weakly  correlated  exciton  pair  state. 
Thus  we  are  convinced  that  the  theoretically  predicted  J  -  2  anti-bonding  state 
of  two  excitons  was  observed  experimentally. 


V.  Exciton  Dephasing  in  GaAs  Quantum  Dots 

i 

V.l  General  Aspects  of  Exciton  Dephasing 

The  three-pulse  stimulated  photon-echo  method  enables  the  simultaneous  mea¬ 
surement  of  the  dephasing  rate  and  the  population  decay  rate[14].  The  direct 
comparison  between  these  decay  rates  revealed  convincingly  the  presence  of  a  pure 
dephasing  process  that  dominates  excitonic  dephasing  at  elevated  temperatures. 
The  pure  dephasing  process  arises  from  coupling  of  exciton  states  with  a  continuum 
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of  acoustic  phonons  and  is  enhanced  by  3D  quantum  confinement.  The  magnitude 
as  well  as  the  temperature  dependence  of  the  dephasing  rate  is  described  by  a  the¬ 
oretical  model  that  generalizes  the  Huang-Rhys  theory  of  F-centers[18]  to  include 
mixing  among  excited  exciton  states  through  exciton-phonon  interactions.  The  ob¬ 
served  temperature  dependence  of  the  dephasing  rate  further  indicates  qualitative 
differences  dependent  on  the  strength  of  quantum  confinement. 

We  used  GaAs  QW  samples  and  experimental  details  are  given  elsewhere[14]. 
Figure  7  shows  the  observed  temperature  dependence  of  the  dephasing  and  half  the 
population  decay  rates  for  excitons  at  an  energy  4  meV  below  the  absorption  line 
center.  Similar  temperature  dependence  has  also  been  observed  within  the  spectral 
range  (~  10  meV)  of  our  measurements,  suggesting  the  localization  of  excitons  over 
the  spectral  range.  The  observed  temperature  dependence  is  in  general  agreement 
with  an  earlier  study  using  PL  with  high  spatial  resolution[13].  However,  our 
results  show  clearly  the  presence  of  the  pure  dephasing  of  the  localized  excitons 
in  QWs.  Note  that  the  earlier  study  was  done  at  a  lower  exciton  energy  where 
islands  with  comparable  energies  are  spaced  far  apart  such  that  discrete  energy 
structures  of  a  single  island  can  be  probed  by  using  PLE  with  a  small  aperture. 
For  the  present  study,  islands  with  similar  energies  are  spaced  closer  and  as  a  result 
exciton  migration  among  islands  becomes  more  important. 

We  now  discuss  dephasing  processes  of  excitons.  Theoretically,  contribution 
to  dephasing  from  the  population  decay  is  half  of  its  rate,  namely  r*||/2.  As  can 
be  seen  in  Fig.  7,  at  very  low  temperature  the  dephasing  rate  Fj,  is  very  close  to 
F||/2  suggesting  that  dephasing  is  caused  mainly  by  the  population  decay.  With 
increasing  temperature  the  dephasing  rate  increases  much  faster  than  the  popula¬ 
tion  decay  rate.  At  elevated  temperatures  (>30K),  dephasing  rates  become  much 
greater  than  F||/2,  indicating  a  dominant  contribution  of  pure  dephasing.  Note 
that  for  delocalized  excitons  in  GaAs  QWs,  dephasing  rates  are  much  larger  than 
those  of  localized  excitons  and  increase  linearly  with  temperature  (below  50K),  in 
contrast  to  the  nonlinear  temperature  dependence  in  Fig.  7. 

V.2  Theoretical  Formulation  of  Excitonic  Dephasing 

The  strong  temperature  dependence  of  the  pure  dephasing  rate  (rx  -  T|j/2) 
suggests  that  interactions  between  excitons  and  acoustic  phonons  play  an  essen¬ 
tial  role  in  the  pure  dephasing  process.  Dephasing  or  equivalently  homogeneous 
linewidth  of  impurity  states  in  solids  due  to  electron-phonon  interactions  has  been 
discussed  by  using  models  based  on  the  Huang-Rhys  theory  [18].  These  models, 
however,  do  not  take  into  account  the  mixing  of  excitonic  states  through  electron- 
phonon  interactions.  To  understand  pure  dephasing  for  excitons  localized  in  QD- 
like  islands,  we  have  developed  a  model  to  include  mixing  among  excited  electronic 
states.  In  this  model,  the  Hamiltonian  for  the  relevant  ground  and  excited  states 
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can  be  written,  respectively,  as 

and  H'  =  H°  +  H,  +  '£  Ma(ba  +  &t) ,  (8) 

a  or 

where  bQ( 6*)  is  the  annihilation  (creation)  operator  of  the  acoustic  phonon  mode 
with  index  a,  is  the  diagonal  energy  matrix  of  the  excited  state  manifold  for 
the  QD-like  island  and  matrix  Ma  has  both  diagonal  and  off-diagonal  elements. 
The  off-diagonal  matrix  elements  induce  mixing  among  the  excited  state  manifold. 
Here  the  acoustic  phonon  modes  are  assumed  to  have  continuous  mode  spectra  as 
in  the  bulk  since  the  elastic  constants  of  the  well  material  and  the  barrier  material 
are  not  so  much  different.  We  take  into  account  the  electron-phonon  interactions 
that  are  linear  with  respect  to  the  phonon  displacement.  Even  within  this  range, 
the  well-known  deformation  potential  coupling  and  the  piezoelectric  coupling  are 
included.  We  note  that  in  the  elementary  processes  of  the  exciton-phonon  interac¬ 
tion  the  crystal  momentum  conservation  needs  to  be  satisfied  in  directions  where 
the  translational  invariance  holds.  The  pure  dephasing  process  becomes  prominent 
in  systems  with  3D  electronic  confinement  because  the  3D  confinement  relaxes  the 
crystal  momentum  conservation  and  also  suppresses  exciton  population  relaxation 
due  to  the  exciton-phonon  interactions. 

The  homogeneous  linewidth  of  the  exciton  can  be  estimated  from  the  half 
width  at  the  half  maximum  of  the  optical  absorption  spectrum  that  is  given  by 

J(w)  =  Re[J*  dt  e~iwt  (0\eiH*t?n  e-‘^M|o)],  (9) 

where  |0)  is  the  ground  state  of  the  system.  This  can  be  estimated  by  a  diagram¬ 
matic  expansion  and  is  given  by 

1{u)  =  fie  G(*,  +  «)  with  G{s)  =  ^  _  iH^_  £(3)  ,  (10) 

where  6  indicates  half  the  population  decay  rate  caused  by  mechanisms  other  than 
phonon  scattering.  The  self-energy  part  E(s)  in  (10)  can  be  expanded  perturba- 
tively  with  respect  to  the  exciton-phonon  coupling  as 

E(s)  =  E<2>(s)  +  £<4>(s)  +  ---  .  (11) 

In  actual  calculations,  the  self-energy  is  iteratively  improved  by  replacing  the  prop¬ 
agators  in  E  with  Green’s  function  G  obtained  in  the  last  iteration  and  thus  by 
summing  an  infinite  series  of  a  particular  type  of  diagrams. 

V.3  Temperature  Dependence  of  Excitonic  Dephasing 

Rate 

The  above  is  the  framework  of  the  theoretical  formulation.  In  a  more  concrete 
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calculation,  we  have  to  specify  a  model  for  the  QD-like  island  structure.  Here 
we  employ  a  quantum  disk  model  whose  height  L»  is  given  by  the  thickness  of 
the  constituent  QW  and  whose  lateral  dimensions  are  in  general  anisotropic.  The 
lateral  confinement  potential  for  the  electron  (hole)  is  assumed  to  be  Gaussian  as 

KW(x,  y)  =  K°m  expl-(x/af  -  (y/6)2] ,  (12) 

where  the  size  parameters  a  and  b  can  be  fixed  in  principle  from  the  TEM  or 
STM  images  but  are  considered  as  adjustable.  The  potential  depth  can  be 
determined  from  the  difference  in  the  luminescence  energy  of  QW  islands  with 
monolayer  thickness  fluctuations.  For  example,  the  exciton  energy  spectra  are 
shown  in  Fig.  8  for  the  parameters  of  Lx  =  3nm,  a  —  20nm,  b  =  15nm,  V®  = 
— 6meV  and  Vfi  =  —  3meV.  There  are  optically  active  exciton  states  and  optically 
forbidden  (dark)  exciton  states.  The  latter  are  plotted  by  solid  dots  slightly  above 
the  horizontal  axis  of  Fig.  8  to  indicate  their  energy  positions.  The  energy  level 
spacings  of  the  optically  active  exciton  states  are  a  few  meV  and  correspond  well  to 
the  PLE  spectrum  in  [13].  In  the  calculation  of  the  absorption  spectrum  given  by 
(9),  13  levels  in  Fig.  8  are  included  and  both  of  the  deformation  potential  coupling 
and  the  piezoelectric  coupling  are  taken  into  account.  The  calculated  lineshape 
can  be  fitted  by  Lorentzian  very  well  especially  at  low  temperatures. 

The  calculated  dephasing  rate  is  plotted  in  Fig.  9  as  a  function  of  temperature 
with  experimental  data.  The  magnitude  as  well  as  the  temperature  dependence  of 
the  dephasing  rate  can  be  well  reproduced  by  the  model  calculation.  Furthermore, 
in  the  theory  the  contribution  from  the  deformation  potential  coupling  can  be 
singled  out.  That  contribution  is  denoted  by  “Def.  pot.”  in  the  figure.  The 
remaining  part  comes  from  the  piezoelectric  coupling  and  the  interference  between 
the  two  couplings  but  this  part  is  simply  denoted  by  “Piezo.”  in  the  figure.  It 
is  seen  that  the  deformation  potential  coupling  is  dominantly  contributing  to  the 
pure  dephasing. 

Generally  speaking,  pure  dephasing  means  the  decay  of  the  dipole  coherence 
without  change  in  the  state  of  the  system.  Any  real  transition  to  other  states  leads 
to  the  population  decay.  Thus  the  pure  dephasing  is  caused  by  virtual  processes 
which  start  from  a  relevant  state  and  through  some  excursion  in  the  intermediate 
states  return  to  the  same  initial  state.  There  are  two  kinds  of  such  virtual  processes 
which  contribute  to  the  pure  dephasing.  The  first  kind  of  processes  are  induced 
by  the  off-diagonal  exciton-phonon  interaction.  Those  processes  start  from  the 
exciton  ground  state,  pass  through  excited  exciton  states  and  return  to  the  exciton 
ground  state.  The  second  kind  of  processes  are  induced  by  the  diagonal  exciton- 
phonon  interaction  and  remain  always  within  the  exciton  ground  state.  These 
processes  are  shown  schematically  in  the  inset  of  Fig.  10.  The  contribution  to  the 
pure  dephasing  from  the  second  kind  of  processes  can  be  singled  out  theoretically 
and  is  denoted  by  “Intra-exciton  ground  state”  in  Fig.  10.  The  remaining  part 
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denoted  as  “Excited  exciton  states”  comes  from  the  first  kind  of  processes  and  the 
interference  between  the  two  kinds  of  processes.  It  is  seen  that  the  “intra-exciton 
ground  state”  (diagonal)  processes  contribute  significantly  to  the  pure  dephasing 
but  the  contribution  from  the  off-diagonal  processes  is  not  negligible. 

We  have  estimated  also  the  dephasing  rate  of  the  excited  exciton  states.  The 
results  are  shown  in  Fig.  11  for  the  first  four  optically  active  exciton  states.  In 
general,  the  dephasing  rate  is  larger  for  the  higher  lying  exciton  states.  However, 
the  actual  value  of  dephasing  rate  is  dependent  on  details  of  the  wavefunctions. 
In  fact,  the  dephasing  rate  of  the  third  exciton  is  smaller  than  that  of  the  second 
exciton  in  Fig.  11. 

V.4  Strength  of  Quantum  Confinement  and  Temperature 
Dependence  of  Exciton  Dephasing  Rate 

We  have  so  far  discussed  the  dephasing  rate  of  excitons  in  GaAs  QD-like  is¬ 
lands.  It  is  important  to  point  out  that  the  temperature  dependence  of  dephasing 
rate  can  differ  qualitatively  for  QDs  with  strong  and  weak  3D  confinement.  For 
QDs  that  have  strong  3D  confinement  such  as  II- VI  nanocrystals,  a  linear  temper¬ 
ature  dependence  has  been  observed  up  to  200  K[19].  On  the  other  hand,  for  CuCl 
nanocrystals  belonging  to  the  weak  confinement  regime,  a  temperature  dependence 
similar  to  that  in  Fig.  7  was  observed[20,21],  although  strongly  nonlinear  temper¬ 
ature  dependence  occurs  above  a  higher  temperature  (~  50  K).  These  different 
temperature  dependences  can  be  accounted  for  by  the  above  model  if  we  consider 
the  different  energy  structures  involved.  For  GaAs  islands  the  energy  separation 
between  the  ground  and  first  excited  exciton  states  is  a  few  meV,  whereas  for 
CuCl  nanocrystals  with  4nm  radius  the  energy  separation  is  about  several  meV. 
In  CdSe  nanocrystals  with  radii  smaller  than  2nm,  the  relevant  energy  spacing  is 
determined  by  the  A-  and  B-exciton  splitting(~  26meV). 

In  the  case  of  strong  confinement  regime,  the  diagonal  virtual  processes  dom¬ 
inate  the  pure  dephasing  in  which  the  relevant  state  remains  always  within  the 
exciton  ground  state  and  the  electron-phonon  interactions  associated  with  small 
energy  acoustic  phonons  are  mainly  contributing  to  the  pure  dephasing.  Thus  the 
high-temperature  approximation  for  the  phonon  occupation  number  holds,  leading 
to  the  linear  temperature  dependence  of  the  dephasing  rate  up  to  the  temperature 
corresponding  to  the  energy  spacing  between  the  ground  and  first  excited  exciton 
states  (~  26meV  in  the  case  of  CdSe  nanocrystals).  On  the  other  hand,  in  the 
weak  confinement  regime,  the  off-diagonal  virtual  processes  contribute  significantly 
to  the  pure  dephasing  in  which  the  virtual  transition  to  excited  exciton  states  oc¬ 
curs  effectively  when  the  thermal  energy  JcbT  approaches  the  relevant  energy  level 
separation.  In  this  case,  acoustic  phonons  having  the  thermal  energy  contribute 
strongly  to  the  dephasing  rate  at  each  temperature,  leading  to  the  nonlinear  tem- 
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perature  dependence. 

Finally,  the  possible  mechanisms  of  the  population  relaxation  will  be  briefly 
discussed.  Experimentally,  two  decay  time  constants  were  observed  [14].  The  slow 
time  constant  (~  100  ps)  is  almost  independent  of  temperature  suggesting  the 
radiative  decay  as  its  mechanism.  The  fast  time  constant  (~  30  ps)  is  weakly 
dependent  on  temperature.  The  likely  mechanisms  are  the  thermal  activation  to 
excited  exciton  states  and  the  phonon-assisted  migration  to  neighboring  islands 
[22].  Detailed  calculations  [23]  show  that  the  former  mechanism  gives  rise  to  the 
population  decay  rate  about  10  to  20  fxeV  ,  whereas  the  population  decay  rate  due 
to  the  latter  mechanism  is  about  several  tens  of  fieV  within  the  temperature  range 
from  10  to  50  K.  Thus  we  can  identify  the  most  likely  mechanism  of  the  population 
decay  as  the  phonon- assisted  exciton  migration. 


VI.  Conclusions 

We  have  investigated  multi-exciton  states  in  semiconductor  QDs.  The  most 
important  finding  is  the  presence  of  weakly  correlated  exciton  pair  states  with  large 
oscillator  strength  of  transition  from  the  exciton  state,  which  play  a  crucial  role 
in  determining  the  nonlinear  optical  properties  of  QDs  in  the  weak  confinement 
regime.  These  states  are  identified  to  consist  of  two  weakly  correlated  ground 
state  excitons  (anti-bonding  exciton  pair  states)  and  consequently  have  oscillator 
strengths,  for  excitation  from  the  exciton  ground  state,  increasing  proportional  to 
the  volume  of  the  QD.  The  discovery  of  these  states  provides  the  first  consistent 
understanding  of  the  experimentally  observed  size  dependence  of  in  CuCl 
QDs.  Our  theoretical  prediction  has  been  confirmed  excellently  by  the  recent 
measurement  of  excited  state  absorption  spectra,  giving  a  convincing  evidence  for 
the  presence  of  the  weakly  correlated  exciton  pair  states. 

By  comparing  directly  the  dephasing  and  population  relaxation  of  excitons  in 
GaAs  QD-like  islands,  we  have  identified  the  presence  of  pure  dephasing  process 
that  dominates  excitonic  dephasing  at  elevated  temperatures.  The  magnitude  and 
temperature  dependence  of  the  dephasing  rate  can  be  described  satisfactorily  by 
a  model  that  generalizes  the  Huang-Rhys  theory  of  F-centers.  The  correlation 
between  the  strength  of  quantum  confinement  and  the  temperature  dependence  of 
the  dephasing  rate  has  been  clarified  and  the  observed  qualitative  differences  in 
the  temperature  dependence  has  been  described  well. 
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Figure  1:  Squared  transition  dipole  mo¬ 
ments  for  transitions  from  the  lowest  I  = 
1,  Iz  —  0  exciton  to  the  J  =  0  and  2 
biexciton  states,  respectively  marked  by 
•  and  *.  The  polarization  of  light  is  taken 
to  be  along  the  z-axis.  (After  [7]) 
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Figure  2:  (a)  Calculated  size  dependence 
of  the  peak  value  of  |x*37a!  near  ex‘ 
citon  resonance  in  CuCl  QDs.  All  the 
curves  are  scaled  to  the  same  value  at 
R  =  28A.  (b)  The  size  dependence  of 
the  energy  difference  between  the  weakly 
correlated  exciton  pair  state  (Exx o)  and 
twice  the  exciton  ground  state  energy 
{Ex).  (After  [7]) 


Figure  3:  Same  as  Fig.  2(a),  but  with  in¬ 
homogeneous  broadening  (7^)  included. 
(After  [7j) 
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Excited  state  absorption  energy  (E-Eg)/E 


Figure  4:  Energies  of  the  dominant  ex¬ 
cited  state  absorption  peaks  are  plotted 
as  a  function  of  the  exciton  ground  state 
energy.  BX,  XXO  and  XX2  denote  transi¬ 
tions  to  the  biexciton  ground  state  and  to 
the  weakly  correlated  exciton  pair  states 
with  J  -  0  and  2,  respectively.  The  dot¬ 
ted  line  is  a  line  of  slope  1  and  is  only 
shown  for  reference.  (After  [7]) 


Excitation  Photon  Energy  (eV) 


Figure  5:  (a)  A  solid  line  and  a  dashed 
line  show  the  absorption  spectra  of  CuCl 
nanocrystals  at  77K  without  and  with 
a  pump  pulse,  respectively.  Inset:  The 
spectrum  of  the  pump  pulse  is  shown  by 
a  solid  curve,  whereas  the  spectrally  pre¬ 
filtered  second  harmonic  spectrum  is  de¬ 
picted  by  a  dashed  curve,  (b)  Differen¬ 
tial  absorption  spectra  at  lOps  after  the 
pump  are  shown  for  various  excitation  en¬ 
ergies.  (After  [8]) 


Figure  6:  The  energy  positions  of  three 
prominent  peaks  in  the  differential  ab¬ 
sorption  spectra  are  shown  as  a  function 
of  the  excitation  energy.  V  higher  en¬ 
ergy  induced  absorption.  •  :spectral  hole 
at  the  excitation  energy,  y  dower  en¬ 
ergy  induced  absorption.  The  slope  of 
the  dashed  line  is  2.0.  The  inset  shows 
schematically  the  energy  level  diagram  of 
excitons  and  biexcitons.  (After  [8]) 
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Figure  7:  Dephasing  rate  Tx  and  half  the 
population  decay  rate  T$J2  as  a  function 
of  temperature.  The  difference  between 
the  two  curves  represents  the  pure  de¬ 
phasing  rate. 


Figure  8:  Exciton  energy  levels  in  a  quan¬ 
tum  disk  with  parameters  of  a  —  20nm, 
b  =  15nm,  Lt  =  3nm,  Ve°  =  -6meV  and 
V°  =  — 3meV  (see  the  text).  The  origin 
of  energy  is  taken  at  the  exciton  ground 
state.  The  corresponding  radiative  life¬ 
time  is  given  for  the  optically  active  exci- 
tons.  The  energies  of  dark  exciton  states 
are  indicated  by  dots  slightly  above  the 
horizontal  axis. 


Figure  9:  Calculated  dephasing  rates  of 
the  exciton  ground  state  are  shown  with 
experimental  data  as  a  function  of  tem¬ 
perature.  A  quantum  disk  model  is  em¬ 
ployed  with  the  same  parameters  as  in 
Fig.  8.  The  pure  dephasing  rate  is 
decomposed  into  the  contribution  from 
the  deformation  potential  coupling  and 
that  from  the  piezoelectric  coupling  and 
the  interference  term,  denoted  as,  respec¬ 
tively,  “Def.  pot.”  and  “Piezo.”. 
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Decay  rate  (micro  eV) 


Figure  10:  Calculated  dephasing  rates  of 
the  exciton  ground  state  are  shown  with 
experimental  data  as  a  function  of  tem¬ 
perature.  A  quantum  disk  model  is  em¬ 
ployed  with  the  same  parameters  as  in 
Fig.  8.  The  pure  dephasing  rate  is  de¬ 
composed  into  the  contribution  from  the 
diagonal  exciton-phonon  interaction  and 
that  from  the  off-diagonal  interaction  and 
the  interference  term,  denoted  as,  respec¬ 
tively,  “Intra-exciton  ground  state"  and 
“Excited  exciton  states”. 
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Figure  11:  Calculated  dephasing  rates 
of  the  first  four  optically  active  exciton 
states  are  shown  as  a  function  of  tem¬ 
perature  for  the  same  quantum  disk  as 
employed  in  Fig.  8. 
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ABSTRACT 

We  used  capacitance,  photocurrent  and  photoluminescence  spectroscopy  to 
investigate  the  dynamics  of  optically  excited  electron-hole  pairs  in  InAs  self 
assembled  quantum  dots  under  different  electric  field  and  charging 
conditions.  Since  a  change  in  the  laser  wavelength  does  not  affect  the 
position  of  the  characteristic  features  in  the  photocurrent  signal,  we  assume 
that  the  optically  excited  carriers  relax  into  the  quantum  dot  ground  state 
before  recombination  processes  or  tunneling  out  of  the  quantum  dot  occur. 
The  field  range  can  be  separated  into  a  high  field  regime,  where  the  carriers 
tunnel  out  of  the  quantum  dot,  and  a  low-field  regime,  where  the  exciton  is 
trapped  in  the  dot  and  recombines.  When  the  quantum  dots  are  loaded  with 
electrons  from  the  back  contact,  the  ground  state  transition  in  the 
photoluminescence  spectra  shifts  from  E«1.052eV  down  to  E«1.039eV  and 
the  full  width  at  half  maximum  increases  from  33meV  to  38meV 
accompanied  by  a  decrease  in  intensity  by  a  factor  of  2.  In  addition  to  the 
QD  ground  state  a  higher  excited  state  transition  appears  at  E»l.  1  leV  which 
is  explained  by  a  recombination  process  between  an  electron  in  the  quantum 
dot  d-shell  and  a  hole  in  the  s-shell.  All  the  bias  induced  effects  described 
above  can  be  explained  in  terms  of  manybody  interaction  in  charged  QDs  and 
are  in  excellent  agreement  with  theory. 


I.  INTRODUCTION 

In  order  to  increase  the  packing  density  it  is  a  goal  of  the  semiconductor  industry  to 
reduce  the  size  of  devices.  Within  the  last  45  years  the  size  of  DRAMs  for  example 
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decreased  by  three  orders  of  magnitudes  while  the  packing  density  increased  by  a  factor 
of  106  [1],  However,  for  sizes  below  lOOnm  conventional  lithography  techniques 
gradually  reach  their  limits.  Additionally,  quantum  effects  have  to  be  taken  into  account. 
Two  dimensional  quantum  well  structures  are  already  used  in  High  Electron  Mobility 
Transistors  (HEMT)  [2].  The  ultimate  confinement,  however,  is  given  in  quantum  dots 
(QDs).  Here,  the  carriers  are  confined  in  all  three  dimensions.  The  localization  of  the 
charge  within  a  small  volume  allows  one  to  control  single  electrons  in  transistors, 
memory  devices  or  in  an  extremely  sensitive  electrometer  [3-5].  Lasers  or  LEDs  on  Si- 
substrate  with  QDs  in  their  active  region  might  result  in  optic  devices  with  improved 
performance  [6,7],  However,  QDs  are  not  only  interesting  for  applications  but  also  for 
fundamental  physics.  The  phonon  bottleneck  effect,  for  example,  results  in  an 
enhancement  of  the  carrier  relaxation  times  in  zero  dimensional  systems  [8-10], 
Additionally,  Coulomb  blockade  and  other  charging  effects  can  also  be  investigated  due 
to  the  small  sizes  of  these  quantum  boxes  [3,1 1-14]. 

An  easy  way  to  fabricate  such  zero  dimensional  systems  is  the  growth  of  InAs  islands  on 
GaAs  substrate  in  the  Stranski-Krastanow  growth  mode  [15,16],  When  1  monolayer 
(ML)  InAs  is  deposited  by  molecular  beam  epitaxy,  a  two  dimensional  wetting  layer 
forms  on  the  GaAs  substrate.  At  an  InAs  coverage  of  »1.5ML  the  two  dimensional 
growth  characteristic  transforms  into  a  three  dimensional  one  and  small  coherently 
strained  InAs  islands  appear  on  top  of  the  wetting  layer.  The  radius  of  these  islands  is 
only  «20nm  and  their  height  «4nm  (when  embedded  in  a  GaAs  matrix)  [16].  The  density 
and  size  of  the  islands  increases  with  the  amount  of  InAs  deposited  before  dislocations 
are  incorporated  above  a  certain  size  limit.  Since  electron  hole  pairs  recombine  non- 
radiatively  in  such  dislocated  islands,  the  optical  quality  of  the  samples  decreases  for 
InAs  coverages  above  »2.5ML  [17].  However,  coherently  strained  InAs-isIands 
embedded  in  a  GaAs-matrix  show  excellent  optical  and  electrical  properties  [Il¬ 
ls,  18, 19].  Characteristic  features  of  0-dimensional  systems  -  like  the  5-function  line 
shape  of  the  density  of  states,  Coulomb  blockade  effects  and  hints  of  the  phonon 
bottleneck  -  have  been  already  demonstrated  in  this  system  [18,20], 

In  this  paper  we  report  on  the  field  induced  dynamics  of  optically  excited  carriers  and  the 
optical  properties  of  charged  excitons  in  InAs  QDs.  Photoluminescence  (PL)  and 
Photocurrent  (PC)  spectroscopy  are  excellent  techniques  to  study  the  optical  properties 
while  capacitance  (CV)  spectroscopy  was  used  to  investigate  the  electrical  behavior  of 
the  dot  system.  With  the  latter  technique  it  is  even  possible  to  determine  the  number  of 
electrons  (i.e.  the  charging  conditions)  in  the  dot. 

In  order  to  get  information  about  the  field  induced  dynamics  of  optically  excited  carriers 
we  measured  the  PC-signal  at  certain  well-defined  energies  of  the  pump  laser  versus  the 
applied  bias.  Since  the  line  shape  of  the  PC-spectra  does  not  significantly  change  with  the 
excitation  energy  of  the  Ti-Sapphire  laser,  we  assume  that  the  resonantly  excited  carriers 
relax  into  the  quantum  dot  ground  state  before  they  tunnel  or  recombine.  The 
investigated  field  range  can  be  divided  into  three  regions.  At  low  fields  the  optically 
excited  carriers  recombine  in  the  QD.  In  this  field  regime  the  PC-signal  is  negligible  and 
the  PL-signal  is  maximum.  In  the  intermediate  field  range  the  excitons  are  destroyed  by 
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the  internal  field  and  the  electrons  as  well  as  the  holes  tunnel  out  of  the  dot.  However, 
the  field  is  not  strong  enough  for  hole  tunneling  through  the  front  barrier.  Thus,  the  PC- 
signal  is  dominated  by  a  displacement  current.  After  the  system  has  reached  steady  state 
conditions  the  additional  carriers  recombine  in  the  dots  and  give  rise  to  a  PL-signal.  At 
high  reverse  bias  (i.e.  high  fields)  the  optically  excited  electron  hole  pairs  tunnel  out  of 
the  dots  and  both  types  of  carriers  reach  their  contact  regions  which  results  in  a  real 
(photo-)  current  flow.  Since  the  carriers  are  extracted  from  the  dot  system  the  QD  PL- 
signal  decreases.  This  interpretation  is  confirmed  by  frequency  and  power  dependent 
measurements. 

The  combination  of  PL  and  CV  spectroscopy  enables  us  to  study  the  optical  properties 
of  charged  quantum  dots.  A  red  shift  of  the  QD  ground  state  transition  was  observed  in 
the  PL  spectra  when  a  forward  bias  was  applied  to  the  sample  and  the  QDs  were  loaded 
with  electrons  from  the  back  contact.  The  energy  shift  is  accompanied  by  a  broadening  of 
the  QD  ground  state  transition  and  a  decrease  of  the  PL  intensity  by  a  factor  of  2.  In 
addition,  an  excited  state  transition  appears  at  high  forward  bias  when  the  d-shell  of  the 
QDs  is  loaded  with  electrons.  We  attribute  this  feature  to  a  recombination  process 
between  an  electron  in  the  d-shell  and  a  hole  in  the  s-shell  of  the  QD.  Due  to  Coulomb 
interaction,  this  transition  becomes  allowed  at  high  charging  conditions. 


II.  EXPERIMENT 

The  investigated  sample  was  grown  by  molecular  beam  epitaxy  (MBE)  in  a  Varian  Gen 
II  system  under  an  As  pressure  of  M0‘5  Torr  on  semi-insulating  (100)  GaAs  substrate. 
The  growth  temperature  for  all  layers  except  for  the  InAs  wetting  layer  and  the  quantum 
dots  was  600°C.  The  back  contact  of  the  Schottky  diode  structure  used  in  our 
experiments  was  formed  by  20nm  Si-doped  GaAs  (nu»4T018  cm3).  An  intrinsic  GaAs 
spacer  layer  of  25nm  separates  the  InAs  wetting  layer  from  the  back  contact  region.  In 
order  to  achieve  island  formation  1.6ML  of  InAs  were  deposited  at  a  substrate 
temperature  of  530°C.  The  islands  were  covered  with  30nm  of  undoped  GaAs  followed 
by  116nm  of  a  GaAs/ A1  As  (2nm/2nm)  short  period  superlattice  and  a  GaAs  cap  layer  of 
4nm.  We  used  a  NiAuGe  alloy  annealed  at  400°C  to  contact  the  n-doped  material  and  a 
CrNiAu  layer  system  for  the  Schottky  contact.  Details  of  the  sample  growth  are 
discussed  elsewhere  [10,13].  Fig.l  shows  a  schematic  band  structure  of  the  investigated 
sample. 

All  our  data  were  measured  with  a  dual  phase  Lock-In  amplifier  at  T=10K. 

In  the  PL-  and  PC-experiments  we  pumped  the  QDs  resonantly  from  the  rear  with  a 
tunable  Ti-Sapphire  laser.  The  position  of  the  laser  beam  was  controlled  with  a  charged 
coupled  device  camera.  The  light  emitted  from  the  back  side  of  our  sample  was  dispersed 
by  a  0.85m  double  monochromator  (resolution  0.5  nm)  and  detected  with  a  liquid 
nitrogen  cooled  Ge-detector. 

In  the  capacitance  experiments  an  AC-bias  with  an  amplitude  of  5 mV  and  a  modulation 
frequency  of  500Hz  was  added  to  a  variable  DC  bias. 
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III.  RESULTS  AND  DISCUSSION 


In  order  to  get  information  about  the  field  induced  dynamics  of  electron  hole  pairs 
resonantly  excited  into  QD  levels  we  used  PC  spectroscopy.  The  inset  of  Fig.  1  displays  a 
schematic  of  the  experimental  setup.  Due  to  the  non  transparent  Schottky  contact  on 
top,  we  pumped  the  QDs  through  the  GaAs  substrate  with  a  tunable  Ti-Sapphire  laser. 
For  the  laser  energies  used  in  our  experiments  the  GaAs  substrate  is  transparent  and  the 
electron  hole  pairs  are  resonantly  pumped  into  excited  QD  levels.  In  order  to  get  a  PC 
signal  the  carriers  have  to  be  extracted  out  of  the  dot  by  the  internal  field.  Measuring  the 
PC  current  while  the  DC-bias  between  the  Schottky  and  the  n-doped  back  contact  is 
changed  it  is  possible  to  investigate  the  field  induced  carrier  dynamics  in  our  QD  system. 
Only  QDs  in  the  contact  region  significantly  contribute  to  the  PC-signal.  Therefore,  the 
laser  beam  was  chopped  while  the  current  flow  between  the  Schottky  gate  and  the  back 
contact  was  measured  in  dependence  of  the  applied  DC-bias.  The  energy  of  the  pump 
laser  was  kept  constant. 

Figure  2  depicts  PC  traces  measured  at  three  different  laser  energies.  In  order  to  get  an 
idea  about  the  QD  levels  pumped  by  the  Ti-Sapphire  laser  we  measured  the  PL  signal  of 
our  sample  excited  with  200mW  of  an  ArMaser  (inset  of  Fig.2).  At  E«1.52eV  and 
E«1.45eV  the  GaAs  band  edge  and  the  wetting  layer  (WL)  transition  are  clearly 
observable.  Below  the  WL  feature  several  well  defined  peaks  appear  which  we  attribute 
to  transitions  between  hole  QD  levels  and  electron  QD  levels  with  the  same  quantum 
number  [10].  This  interpretation  is  in  good  agreement  with  theoretical  calculations  based 
on  lens  shape  QDs  with  a  parabolic  effective  potential  [21].  According  to  this  model  the 
transition  at  E«1.05eV  (labeled  0  in  the  inset  of  Fig.2)  reflects  the  recombination  of  an 
electron  with  a  hole  both  in  the  QD  ground  state  (s-shell).  The  PL  feature  at  E«1.12eV 
occurs  when  an  electron  in  the  p-shell  of  the  QD  recombines  with  a  p-shell  hole.  The 
arrows  indicate  the  laser  energies  used  in  the  field  dependent  PC-experiments.  With 
increasing  laser  energy  the  carriers  are  excited  into  QD  levels  with  reduced  barrier  height 
and  width.  Thus,  smaller  fields  are  necessary  for  tunneling  out  of  higher  excited  states. 

At  U«-0.6V  and  U«-0.15V  there  are  two  well  defined  steps  observable  in  the  PC-spectra 
of  Fig.2.  However,  no  shift  of  the  step  like  features  is  observable  when  the  pump  energy 
is  changed  from  EiM<!r=1.216eV  to  E|agcr=1.340eV.  Thus,  tunneling  out  of  excited  states 
can  be  excluded.  We  assume  that  the  optically  excited  carriers  relax  into  the  QD  ground 
state  before  they  tunnel  or  recombine. 

For  U<-0. 15V  electrons  as  well  as  holes  are  able  to  leave  the  dot  system.  At  high  reverse 
bias  (U<-0.6V)  the  field  is  even  strong  enough  to  observe  subsequent  hole  tunneling 
through  the  front  barrier  which  results  in  a  real  (photo-)  current  flow.  Since  almost  no 
carriers  recombine  in  the  QD,  the  PL-signal  is  weak  in  this  field  regime  [22],  The 
deviation  of  the  curvature  of  the  PC  traces  at  high  reverse  bias  is  attributed  to  the  Franz- 
Keldysh  effect  which  becomes  more  pronounced  at  high  pump  energies  [23], 
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For  -0.6V<U<-0.15V  the  hole  tunneling  through  the  front  barrier  is  blocked.  The 
character  of  the  PC-signal  changes  from  a  real  current  flow  into  a  displacement  current 
characteristic.  As  soon  as  the  system  has  reached  steady  state  additional  carriers 
recombine  in  the  dots.  Thus,  the  PL-signal  increases  [22]  and  the  PC  decreases  in 
intensity.  At  forward  bias  the  optically  excited  excitons  are  trapped  in  the  QDs  and 
recombine.  Consequently,  the  PC-signal  is  negligible  in  this  field  region.  This  model  of 
the  field  induced  carrier  dynamics  is  confirmed  by  frequency  [22]  and  power  dependent 
measurements. 

Figure  3  depicts  the  PC-signal  versus  the  pump  intensity  of  the  Ti-Sapphire  laser.  At  high 
fields  (U=-2V)  all  carriers  tunnel  out  of  the  QDs  and  contribute  to  the  PC  signal.  The 
more  carriers  excited  by  the  laser  beam,  the  more  PC-current  is  induced.  Thus,  the  PC- 
intensity  depends  linearly  on  the  laser  power.  For  U«-0.2V  the  PC  signal  is  dominated  by 
a  displacement  current.  Holes  are  extracted  from  the  dots  and  accumulate  at  the  front 
barrier  interface.  This  accumulation  process  causes  band  bending  until  the  system  has 
reached  steady  state  and  additional  carriers  radiatively  recombine  in  the  dots.  Since  the 
steady  state  conditions  are  almost  independent  from  the  pump  intensity,  a  sublinear 
behavior  is  observed  in  the  PC-trace  of  Fig.3  (U=-0.2V). 

The  PC-signal  measured  at  U=0.5V  shows  also  a  sublinear  power  dependence.  However, 
compared  to  the  PC-trace  measured  at  U=-2V  the  intensity  of  the  PC-signal  is  reduced 
by  three  orders  of  magnitude  at  forward  bias.  Thus,  tunneling  is  negligible  in  this  field 
regime. 

In  conclusion  the  field  induced  carrier  dynamics  can  be  separated  into  two  regimes.  For 
U<0V  electrons  and  holes  leave  the  dots  and  contribute  to  a  PC-signal.  At  forward  bias 
the  optically  excited  carriers  remain  in  the  dot  and  recombine.  In  this  regime  band 
bending  caused  by  tunneling  of  optically  excited  carriers  is  negligible. 

However,  for  U>0V  the  s-,  p-,  d-QD  shells  are  charged  with  electrons  from  the  back 
contact  as  is  clearly  observable  in  the  dark  CV  trace  shown  in  Fig.4.  Coulomb  blockade 
effects  are  also  visible  in  Fig.4  [10-12].  Finally,  electrons  tunnel  from  the  back  contact 
into  the  2-dimensional  WL  system  and  cause  a  strong  increase  in  the  capacitance  trace 
for  U>0.7V.  Since  optically  excited  carriers  recombine  in  the  dots  for  U>0V,  the  dark 
CV  trace  is  still  valid  within  certain  limits  even  at  high  pump  intensities  (see  also  inset  of 
Fig.3). 

Thus,  CV  spectroscopy  is  very  sensitive  to  charging  effects  while  PL  measurements 
allow  the  investigation  of  the  optical  properties.  The  combination  of  both  techniques 
enables  us  to  study  the  optical  properties  of  charged  InAs-QDs. 

Figure  5  sketches  the  principle  experimental  setup  for  such  investigations.  The  QDs  are 
pumped  resonantly  from  the  rear  with  a  Ti-Sapphire  laser.  The  carriers  relax  and 
recombine.  When  a  positive  bias  is  applied  to  the  Schottky  diode,  the  QDs  are  loaded 
with  electrons  from  the  back  contact.  This  charging  process  is  monitored  by  CV 
measurements.  Since  we  modulated  the  bias  applied  to  the  sample  and  not  the  laser 
beam,  only  the  PL-signa!  originating  from  the  charged  QDs  in  the  contact  region  was 
detected  by  the  Lock-In  amplifier  [13]. 
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Fig. 6  displays  two  PL  spectra  taken  at  U=OV  and  U=1.2V,  respectively.  The  data  are 
normalized  to  the  QD  ground  state  transition.  At  U=0V  only  the  ground  state  transition 
(labeled  0)  is  observable  in  the  PL  spectrum.  For  such  an  applied  bias  the  QDs  are 
neutral.  Since  all  optically  excited  carriers  relax  into  the  QD  ground  state  and  recombine, 
no  excited  state  transition  appears  at  higher  energies.  We  also  conclude  from  Fig.6  that 
the  pump  intensity  used  for  our  investigation  is  not  high  enough  to  achieve  saturation  of 
the  s-shell.  Otherwise,  higher  excited  state  transitions  should  occur.  When  a  positive  bias 
is  applied  to  the  sample  a  red  shift  of  the  fundamental  QD  transition  and  an  additional 
feature  at  high  energies  (labeled  1)  is  observed.  Field  effects  can  be  excluded  since  no 
shift  of  the  ground  state  PL-feature  is  detected  at  high  fields  [13,14],  We  explain  the  bias 
induced  change  of  the  PL  structure  in  terms  of  charging  effects. 

When  the  electron  and  hole  are  in  the  ground  state  of  a  neutral  QD  the  transition  energy 
hv  is  described  by  the  single  particle  energy  Eoo  and  the  exciton  binding  energy  Ex: 

hv  =  Eoo  -  Ex 

In  a  charged  QD,  however,  the  Coulomb  interaction  between  the  optically  excited 
electron-hole  pair  and  the  additional  electrons  (Ec,ee  and  Ec,eh)  as  well  as  the  exchange 
energy  E„  has  to  be  taken  into  account.  Thus,  the  transition  energy  of  the  ground  state 
PL  is  given  by: 


hv'  =  Eoo  -  Ex  +  EC(ce  -  Ec,ch  ±  Eex 

In  a  first  approximation  Ec,«  and  Ec,eh  are  similar  and  the  experimentally  observed  shift 
of  the  PL  ground  state  transition  is  mainly  due  to  exchange  interaction.  This 
interpretation  is  in  good  agreement  with  calculations  published  in  Ref.  [24],  In  the  gray 
scale  graphic  of  Fig.  7a  the  energetic  position  of  the  QD  ground  state  transition  is  plotted 
versus  the  applied  bias  i.e.  number  of  electrons  in  the  dot.  The  charging  conditions  are 
checked  by  CV  measurements  (Fig.7b).  The  ground  state  transition  gradually  shifts  from 
E»1.052eV  down  to  E«1.039eV  when  the  dots  are  loaded  with  electrons  from  the  back 
contact  region.  In  addition,  the  intensity  of  the  peak  decreases  and  the  full  width  at  half 
maximum  (FWHM)  increases  from  33meV  to  38meV  with  the  number  of  electrons  in  the 
dots  (Fig.8).  At  high  forward  bias  an  additional  peak  emerges  at  E»l.lleV  when  the  d- 
shell  of  the  QD  is  loaded  with  electrons  [see  also  ref.  13].  Such  a  PL  feature  appears  in 
highly  charged  QDs  when  an  electron  in  the  d-shell  (magnetic  momentum  m=0) 
recombines  with  a  hole  in  the  s-shell  (m=0)  [24].  In  a  neutral  QD  with  parabolic 
potential,  however,  only  transitions  between  QD  levels  with  the  same  quantum  number 
are  allowed  [21].  Even  in  charged  QDs  electrons  and  holes  must  have  the  same  magnetic 
moment  in  order  to  recombine.  Due  to  the  short  relaxation  times  holes  are  only  available 
in  the  quantum  dot  ground  state  (m=0).  The  recombination  of  an  electron  in  the  p-shell 
(m=±l)  with  a  hole  in  the  s-shell  (m=0)  is  forbidden.  In  the  d-shell,  however,  the 
magnetic  momentum  of  the  Fock-Darwin  states  is  m=0,±2  [21,24],  Thus,  recombination 
between  an  electron  in  the  d-shell  with  m=0  and  a  hole  in  the  s-shell  is  possible  in 
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charged  QDs.  This  interpretation  is  confirmed  by  the  data  shown  in  Fig.9  where  the 
relative  intensity  of  the  high  energy  peak  is  shown  versus  the  applied  bias  (i.e.  charging 
conditions).  No  excited  state  transition  is  observable  when  the  s-  and  p-shell  are  loaded 
with  electrons.  However,  as  soon  as  electrons  tunnel  from  the  back  contact  into  the  QD 
d-shell  a  strong  increase  in  PL  signal  at  E*l.lleV  is  observed.  These  findings  are  in 
excellent  agreement  with  the  theoretical  predictions  published  in  ref.  24. 

IV.  CONCLUSION 

In  conclusion  we  have  investigated  the  dynamics  of  optically  excited  electron-hole  pairs  in 
InAs  self  assembled  quantum  dots  under  different  electric  field  conditions.  With  a  tunable 
Ti/Sapphire  laser  the  carriers  are  pumped  resonantly  into  the  QD  level.  Since  the  voltage 
position  of  the  characteristic  PC  structures  are  independent  of  the  energy  of  the  pump 
laser,  we  assume  that  the  optically  excited  carriers  relax  into  the  QD  ground  state  before 
they  recombine  or  tunnel. 

The  field  range  can  be  separated  into  a  low-field  regime,  where  the  exciton  is  trapped  in 
the  dot  and  recombines  and  a  high  field  regime,  where  the  carriers  tunnel  out  of  the  QD 
ground  state  which  results  in  a  PC-signal.  At  high  reverse  bias  (U<-0.6V)  the  internal 
electric  field  is  strong  enough  to  overcome  the  exciton  binding  energy  and  to  separate 
the  optically  excited  electron  hole  pairs.  The  electrons  as  well  as  the  holes  tunnel  out  of 
the  QDs.  Subsequent  tunneling  of  the  holes  through  the  AlGaAs  front  barrier  results  in  a 
real  (photo-)  current  flow.  In  an  intermediate  range  (-0.6V<U<-0.15V)  the  internal 
electric  field  is  still  strong  enough  to  extract  the  electrons  and  holes  out  of  the  dots  but 
tunneling  through  the  front  barrier  is  blocked.  Thus  the  holes  accumulate  at  the 
GaAs/AIGaAs  interface  and  screen  the  field  in  the  QD  region  until  the  system  reaches 
steady  state.  The  hole  accumulation  results  in  a  displacement  current  characteristic  of  the 
PC  signal.  At  low  electric  fields  (U>0V)  the  holes  as  well  as  the  electrons  remain  in  the 
QD  and  recombine.  Thus,  the  PC-signal  vanishes. 

Our  interpretation  of  the  field  induced  dynamics  of  optically  excited  carriers  in  InAs 
quantum  dots  is  confirmed  by  frequency  and  power  dependent  PC  spectra  as  well  as  by 
bias  dependent  PL-spectroscopy  [13]. 

At  low  fields  when  the  QDs  are  loaded  with  electrons  band  bending  caused  by  optically 
excited  carriers  can  be  excluded.  Thus,  the  dark  capacitance  trace  is  still  valid  within 
certain  limits  even  under  illumination.  At  forward  bias  charging  of  the  QDs  with 
electrons  from  the  back  contact  region  is  clearly  observable  in  the  C-V  spectra.  With 
increasing  number  of  electrons  in  the  dot,  the  ground  state  transition  in  the  PL  spectra 
shifts  from  E«1.052eV  down  to  E«1.039eV  and  the  full  width  at  half  maximum  increases 
by  5meV  accompanied  by  a  decrease  in  intensity  by  a  factor  of  2.  In  addition  to  the  QD 
ground  state  a  higher  excited  state  transition  appears  at  E«1 . 1  leV  for  U>0.55V.  It  gains 
in  intensity  with  increasing  forward  bias.  In  this  voltage  regime  the  QD  d-shell  is  loaded 
with  electrons.  Since  electrons  in  the  d-shell  and  holes  in  the  s-shell  have  a  magnetic 
momentum  m=0,  recombination  between  these  types  of  carriers  becomes  allowed  due  to 
Coulomb  interaction. 
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All  the  bias  induced  effects  described  above  can  be  attributed  to  manybody  interaction  in 
charged  QDs.  Our  findings  are  in  excellent  agreement  with  the  theoretical  predictions. 
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Figure  1:  Schematic  band  structure  of 
the  investigated  sample  sketched  for 
an  applied  bias  of  U=-0.2V.  The 
inset  in  the  upper  left  comer  depicts 
the  principle  experimental  setup. 
Due  to  the  non  transparent  Schottky 
contact  on  top  the  sample  is 
illuminated  from  the  back  side 
through  the  GaAs  substrate.  The 
modulated  Ti/Sapphire  laser  beam 
excites  electron  hole  pairs  resonantly 
into  excited  QD  levels.  When  the 
carriers  tunnel  out  of  the  dot  a  PC 
signal  is  measured  with  the  Lock  In 
amplifier.  The  tunnel  efficiency  is 
investigated  by  changing  the  applied 
bias  U. 


voltage  (V) 


Figure  2:  The  PL  spectrum  shown  in  the  inset 
was  pumped  with  an  ArMaser  and  was 
measured  at  10K.  The  GaAs  band  edge  and 
the  wetting  layer  transition  are  clearly 
observable.  Due  to  the  high  pump  intensity, 
not  only  the  QD  ground  state  (labeled  0)  but 
several  higher  excited  state  transitions 
(labeled  1,2..)  appear  below  the  wetting  layer 
feature.  The  arrows  mark  the  pump  energies 
Eia,er  of  the  Ti-Sapphire  laser  used  to  measure 
the  PC-traces  shown  in  the  main  frame.  The 
laser  power  of  50  ^iW  was  modulated  at  a 
chopper  frequency  of  Fn,od=500Hz.  The  data 
were  taken  at  T=10K.  No  saturation  of  the 
PC-signal  can  be  observed  at  high  reverse 
bias  for  a  laser  beam  energy  of  E]8ser=1.34eV. 
This  effect  can  be  explained  by  Franz- 
Keldysh  absorption  in  the  i-GaAs  material.  At 
low  fields  (U>0V)  the  optically  excited 
carriers  recombine  in  the  dot  and  the  PC- 
signal  vanishes. 
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Figure  3:  Power  dependent  PC-signal  measured  at  U=-2V,  U=-0.2V  and  U=0.5V.  The  spectra  are 
multiplied  by  the  number  in  brackets.  The  inset  shows  PC  traces  for  three  different  pump  intensities 
Plaser.  The  dashed  lines  mark  the  voltage  positions  used  in  the  main  frame.  In  all  our  measurements  the 
sample  was  pumped  with  a  laser  energy  of  E|a,er=1.22eV  and  a  modulation  frequency  of  Fmod=500Hz  at 
T=T0K. 


Figure  4:  PC  and  CV  signal  versus  applied  bias.  Pi,,**,  Ei^r  and  Fmod  are  the  intensity,  beam  energy  and 
modulation  frequency  of  the  pump  laser  used  in  the  PC  experiments.  In  order  to  measure  the  CV  data, 
the  sample  was  modulated  with  AU=5mV  at  FmOd=500Hz. 
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growth  direction  (nm) 


Figure  5:  Experimental  setup  used  in  the  voltage  dependent  PL  experiments.  The  InAs  QD  system  was 
pumped  resonantly  by  a  laser  beam  Elaser.  The  carriers  relax  in  the  QD  and  recombine.  The  PL  signal 
was  also  measured  from  the  rear.  Applying  a  forward  bias  AU  the  QDs  are  charged  with  electrons  from 
the  back  contact. 


Figure  6:  PL  spectra  measured  at  U=0V 
(neutral  QDs)  and  U=1.2V  (high  charging 
conditions),  respectively.  The  charge 
induced  red  shift  of  the  QD  ground  state 
transition  (labeled  0)  is  clearly  observable. 
At  U=1.2V  an  additional  feature  appears 
at  E=l.lleV  (labeled  1)  which  can  be 
explained  by  recombination  of  an  electron 
in  the  QD  d-shell  with  a  hole  in  the  s- 
shell.  This  transition  becomes  allowed  due 
to  Coulomb  effects.  In  order  to  measure 
only  the  charge  induced  variation  of  the 
PL  signal,  the  applied  bias  was  modulated 
between  UL  and  U.  Since  the  optically 
excited  carriers  leave  the  dots  at  Ul=-3V, 
the  PL  signal  is  negligible  for  such  high 
fields.  The  experiments  were  done  at 
T=10K.  The  beam  intensity  of  the  Ti- 
Sapphire  laser  was  Piascr=20mW  and  it’s 
energy  EtasCT=L3eV. 
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applied  bias  (V) 


Figure  7:  Intensity  plot  of  the  PL  signal  reflecting  the  energetic  position  of  the  QD  ground 
state  transition  at  high  forward  bias  (a).  The  charge  induced  red  shift  is  clearly  observable. 
The  dashed  curve  represents  a  guide  line  for  the  eyes.  Fig.  b  depicts  the  dark  capacitance 
trace  at  T=4K  ( see  also  Fig.  4  ).  A  peak  appears  in  the  CV  trace  when  an  electron  tunnels 
from  the  back  contact  into  a  QD  shell. 
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Figure  8:  The  full  width  at  half  maximum 
(FWHM)  of  the  QD  ground  state  transition 
increases  when  a  forward  bias  U>0.3V  is 
applied  to  the  sample  and  the  p-shell  of  the 
QD  is  loaded  with  electrons  from  the  back 
contact.  The  charging  process  is  observable 
in  the  CV-trace  also  shown  in  the  figure. 


applied  bias  ( V) 


Figure  9:  The  peak  intensity  of  the  coulomb 
induced  excited  state  transition  (peak  1  in 
Fig.6)  divided  by  the  intensity  of  the  ground 
state  PL  (peak  0  in  Fig.6)  is  shown  versus 
the  applied  bias.  The  charging  conditions 
are  detected  with  CV  spectroscopy.  When 
the  d-shell  of  the  QDs  is  loaded  with 
electrons  the  relative  intensity  of  the  excited 
state  transition  increases.  Thus,  we  attribute 
this  transition  to  a  recombination  process 
between  an  electron  in  the  d-shell  (m=0) 
and  a  hole  in  the  s-shell  (m=0).  This 
transition  becomes  allowed  due  to  Coulomb 
interaction.  Since  the  magnetic  momentum 
of  electrons  in  the  p-shell  is  m=±l,  the 
recombination  process  with  an  hole  in  the  s- 
shell  (m=0)  is  forbidden  even  in  charged 
QDs. 
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INTERNAL  TRANSITIONS  OF  NEUTRAL  AND  NEGATIVELY  CHARGED 
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ABSTRACT 


Optically  Detected  Resonance  (ODR)  spectroscopy  has  been  used  to 
study  resonances  of  electrons,  holes,  and  their  complexes  in 
GaAs/AlGaAs  quantum  wells  (QWs)  in  magnetic  fields  up  to  15  T.  The 
capability  of  observing  electron  and  hole  CR  as  well  as  several  internal 
excitonic  transitions  (IETs)  in  a  single  sample  is  unique  to  ODR 
spectroscopy.  In  an  undoped  muItiple-QW  sample,  in  addition  to  an 
electron  and  two  hole  cyclotron  resonances  (CR),  a  ls-*2p+,  and  two 
ls->2p.  IETs  arising  from  two  distinct  neutral  heavy  hole  magneto- 
excitons  were  observed.  These  measurements  permitted  verification  of  a 
predicted  relationship  resulting  from  the  symmetry  of  the  magneto- 
exciton  Hamiltonian.  Studies  of  negatively  charged  excitons  in  samples 
that  showed  both  neutral  (X)  and  negatively  charged  (X*)  exciton 
photoluminescence-lines  were  also  made.  Singlet  and  triplet  transitions 
of  X"  were  observed,  consistent  with  theoretical  calculations  that  also 
reveal  a  hidden  symmetry  associated  with  this  charged  complex. 


INTRODUCTION  AND  BACKGROUND 


The  Coulomb  attraction  between  electrons  and  holes  in  semiconductors  results 
in  the  formation  of  well-known  correlated  electron-hole  complexes  (excitons).  In  bulk 
GaAs  due  to  the  small  masses  of  their  constituents  and  the  large  dielectric  constant, 
excitons  are  hydrogen-like  with  a  Bohr  radius  of  about  100  A  and  a  binding  energy  of 
about  5  meV.  In  quantum-well  structures  that  confine  the  charge  carriers  strongly,  a 
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series  of  excitons  appears  corresponding  to  the  various  interband  transitions  between 
confined  electron  and  hole  subbands;  a  quasi-2D  exciton  is  associated  with  each  of  the 
allowed  interband  transitions.  Such  neutral  excitons  have  been  studied  in  a  number  of 
different  materials  systems  for  many  years. 

Recently  there  has  been  considerable  interest  in  charged  excitons  in  quasi-2-di- 
mensional  (2D)  semiconductor  systems  since  the  initial  observation  of  negatively 
charged  excitons  [1]  in  CdTe  quantum  wells.  The  evolution  of  the  exciton  system  in 
quasi-2D  as  a  function  of  excess  electron  concentration  from  isolated  neutral  excitons  to 
“isolated”  negatively  charged  excitons  to  a  few-hole/many-electron  plasma  (the  metal- 
insulator  transition)  and  the  effects  of  a  magnetic  field  on  these  transitions  have  been  a 
major  focus  of  recent  investigations.  [2-4]  In  most  of  these  studies  the  electron  (or  hole) 
density  has  been  varied  in  a  single  quantum  well  by  a  gate  voltage  or  by  optical  means 
while  monitoring  photoluminescence  (PL)  or  absorption  features.  There  are  many 
similarities  between  the  neutral  and  charged  exciton  systems  and  neutral  and  charged 
donors.  However,  in  the  case  of  X",  there  are  also  some  fundamental  differences  in  the 
basic  physics  and  the  allowed  optical  transitions.  These  derive  from  the  free  motion  of 
the  complex,  and  the  continuum  of  final  states  of  intra-excitonic  transitions.  Very 
recently,  the  interpretation  of  the  PL  feature  attributed  to  X"  by  a  number  of  authors  has 
been  called  into  question.  [5]  These  authors  have  suggested  that  it  is  associated  with  a 
neutral-donor  (in  the  barrier)  bound  exciton  (D°-Xb),  but  there  is  no  strong  evidence 
favoring  this  interpretation. 

A  series  of  excited  states  exists  for  neutral  excitons,  and  internal  transitions 
satisfying  the  requisite  electric-dipole  selection  rules  are  allowed,  e.g.,  s  to  np  in  the 
usual  hydrogenic  notation  at  zero  magnetic  field.  At  low  magnetic  fields  these  energy 
levels  and  transition  energies  are  only  slightly  modified  by  the  magnetic  "perturbation", 
leading  to  the  usual  Zeeman  splittings.  At  very  high  magnetic  fields  the  magneto-exci- 
ton  states  are  more  easily  understood  by  considering  the  Coulomb  interaction  as  a 
perturbation  on  the  high  field  free  carrier  (electron  and  hole)  Landau  oscillator  states.  In 
this  limit  the  intra-excitonic  transitions  can  be  considered  to  be  Coulomb-shifted 
electron  cyclotron  resonance  (CR)  (evolving  from  the  ls-*-2p+  low  field  transition)  and 
Coulomb-shifted  hole  CR  (evolving  from  the  ls->2p.  transition).  Here  the  subscript  ± 
denotes  the  quantum  number  (m  =  ±1)  for  projection  of  orbital  angular  momentum,  and 
the  spectroscopic  notation  has  been  used.  The  transition  energy  is  blue-shifted  from  the 
corresponding  bare  CR  energy  in  each  case. 

In  QW  systems  with  excess  electrons  in  the  well  the  negatively  charged  exciton 
(X),  is  the  ground  state.  [1,2]  Due  to  the  additional  binding  energy  of  the  second  elec¬ 
tion,  the  recombination  energy  of  this  complex  is  lowered  (by  about  1 1  cm'  at  zero 
field  for  a  20  nm  GaAs  QW)  with  respect  to  the  neutral,  heavy-hole  exciton,  hhX. 
Internal  transitions  of  X*  are  expected,  somewhat  analogous  to  the  internal  transitions  of 
the  shallow  donor  analog  (D“),  which  have  been  extensively  studied.  [6] 
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Study  of  the  internal  transitions  offers  an  additional  tool  for  understanding  the 
excitonic  state  in  the  dilute  situation  and  its  evolution  with  excess  electron  density  and 
magnetic  field.  For  the  high  exciton  density  situation  it  may  also  provide  the  possibility 
to  probe  exciton-exciton  interactions  and  the  signature  of  an  exciton  condensate. 

THEORETICAL  BACKGROUND 


The  Hamiltonian  for  a  two-dimensional  neutral  exciton  in  a  magnetic  field  can 
be  written 


—  -  —  +  -a>eh)it  +  -^rB*[rxK }, 
i  sr  2  Me 


m 


where  m,  is  the  reduced  electron-hole  mass,  M  =  m<,  +  m*  with  m^h)  the  electron  (hole) 
mass,  1*  is  the  operator  for  projection  of  the  relative  angular  momentum  along  the  mag¬ 
netic  field  direction,  B  is  the  magnetic  induction,  r  is  the  relative  coordinate  in  the  plane 
perpendicular  to  B,  e  is  the  background  dielectric  constant,  and  K  is  the  momentum  of 
the  center  of  mass  of  the  exciton.  The  last  term  in  Eq.  (1)  is  associated  with  the  motion 
of  the  center  of  mass  and  describes  the  coupling  between  the  center-of-mass  motion  and 


the  relative  motion.  [7]  We  note  that 
the  magneto-PL  lines  are 
predominantly  transitions  with  K  = 
0.  At  K  =  0  the  solutions  are  a  set  of 
discrete  states  that  evolve  from  the 
usual  hydrogenic  states  at  low  fields 
(Is,  2p±i,0,  3d±2.±i,o,  etc.  in  the 
spectroscopic  notation)  to  high  field 
states  associated  with  each  electron 
(hole)  Landau  level  (LL).  In  the  high 
field  case,  the  states  can  be  labeled 
by  the  electron  (hole)  Landau 
quantum  number,  n«  (m,),  and  n*  -  nh, 
die  projection  of  relative  angular 
momentum,  m*.  Allowed  electric- 
dipole  transitions  satisfy  the 
selection  rule  mz  =  ±1.  It  is  easy  to 
show  [7]  that  as  a  result  of  the 
cylindrical  symmetry  leading  to  Eq. 
(1),  for  transitions  labeled  in  the 
low-field  notation  the  following 
important  relationship  is  satisfied: 


Fig.  1.  Schematic  diagram  of  the  triplet  energy  states 
associated  with  the  second  electron  in  two  electron-hole 
Landau  levels  for  a  strictly  two-dimensional,  high 
magnetic  field  limit  The  notation  is  discussed  in  the  text. 
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Eis^npf  -  Ei^np-  =  h(fflce  -  ®ch),  where  Oce(h)  is  the  electron(hole)  cyclotron  resonance 
frequency,  and  Eis-^ip^-)  is  the  transition  energy  from  the  ground  state  to  an  excited 
state  (labeled  for  convenience  and  consistency  with  earlier  work  by  the  principle 
quantum  number,  n,  and  (in  spectroscopic  notation)  by  the  projection  of  relative  angular 
momentum  quantum  number  mz  =  ±  1 . 

The  situation  for  the  three-particle  problem  of  the  negatively  charged  exciton  is 
considerably  more  complex.  We  provide  only  a  qualitative  description  here;  a  detailed 
quantitative  description  will  be  published  elsewhere.  [8]  For  the  present  purpose  we 
consider  a  strictly-2D  system  in  the  limit  of  high  magnetic  fields  (no  Landau-level 
mixing).  In  this  limit,  in  the  zero  LLs  the  only  bound  state  is  the  X"-triplet,  while  there 
are  no  bound  X~  -singlet  states.  [9,10]  This  is  in  contrast  to  the  B  =  0  case,  where  the 
singlet  is  bound,  while  there  are  no  bound  triplet  X”  states.  The  binding  of  X  results 
from  a  delicate  balance  between  the  e-e  repulsion  and  e-h  attraction.  As  a  result,  the  X'- 
triplet  binding  energy  in  the  zero  LLs  is  very  small,  0.043  Eo.  Here  Eo  =  [Jt/2]1/2[e2/efi], 
the  characteristic  Coulomb  energy  in  2D  in  high  magnetic  field  with  C  =  [ch/eB]l/2,  the 
characteristic  magnetic  length. 

The  X"  states  can  be  labeled  by  exact  quantum  numbers:  the  total  spin  of  the 
electrons,  singlet  (S)  or  triplet  (T),  the  total  angular  momentum  projection  Mz  and,  in 
the  high  field  limit,  the  total  electron  (hole)  LL  quantum  number  Ne(Nh)  (|Ne,Nh,Mz; 
S(T)>).  In  a  magnetic  field  the  X~  states  are  macroscopically  degenerate  in  Mz;  this  is 
just  the  LL  degeneracy  for  the  charged  complex.  For  example,  the  degenerate  bound  X“ 
triplet  states  associated  with  the  zero  LLs  are  |00,Mz;T>,  with  Mz  33  -1,-2, -3  ... . 

To  understand  internal  X"  transitions,  it  is  necessary  to  consider  the  eigenstates 
associated  with  higher  LLs.  In  the  next  LL  (one  electron  promoted  to  the  first  LL),  there 
also  exists  only  one  bound  triplet  state,  |1,0,MZ;T>  (also  degenerate,  Mz  35  0,-1, -2...)  and 
no  bound  X”  -singlets.  The  binding  energy  of  the  |1,0,MZ;T>  state  is  0.086  Eo,  twice  that 
of  |0,0,Mz;T>.  This  is  due  to  the  fact  that  the  two  electrons  in  the  excited  triplet  state  can 
occupy  the  Is  (0  LL)  and  2s  (1  LL)  single  particle  states,  thus  enhancing  the  e-h  attrac¬ 
tion  relative  to  the  ground  triplet  state  in  which  the  two  electrons  occupy  an 
antisymmetric  combination  of  the  Is  (0  LL)  and  2p_(0  LL)  single  particle  states. 

There  is  a  fundamental  difference  between  the  eigenspectra  of  the  X"  states  and 
D”  (negative  donor  ion)  states  in  quasi-2D  in  a  magnetic  field.  For  the  latter  (and  gener¬ 
ally  for  any  electron  system  in  B)  the  eigenspectra  are  completely  discrete,  and  all 
eigenstates  are  spatially  localized.  For  the  X“  (and  generally  for  any  electron-hole 
system  in  B)  the  spectra  consist  of  discrete  bound  states  and  continua.  The  continua 
correspond  to  the  motion  of  a  neutral  magneto-exciton  as  a  whole.  Therefore,  for  the 
quasi-2D  D“  centers  in  a  magnetic  field  all  internal  transitions  are  bound-to-bound,  and 
there  are  no  photoionizing  transitions.  For  X~,  both  bound-to-bound  and  photoionizing 
inter-LL  transitions  to  the  continuum  are  possible. 
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The  far  infrared  spectra  encompass  both  bound-to-bound  and  bound-to- 
continuum  transitions.  The  bound-to-bound  transition  |0,0,Mz;T>  ->  |1,0,M'Z;T>  is 
allowed  by  the  usual  selection  rules  (MZ->MZ+1  for  a+  polarization,  spin  conserved);  it 
lies  below  e-CR  in  energy.  One  might  expect  this  to  be  the  analog  of  the  strong  T" 
transition  for  the  D-  center.[ll]  As  can  be  shown,  however,  this  transition  is  forbidden 
for  X"  by  an  additional  selection  rule,  which  is  associated  with  the  existence  of 
translational  invariance  in  B.  [12]  Final  three-particle  states  in  the  first  LL  can  also 
belong  to  a  continuum  which  has  a  rich  structure.  This  includes  a  band  extending  in 
energy  from  the  first  electron-hole  LL  minus  Eo  to  the  first  LL  (corresponding  to  the  Is 
exciton  plus  a  scattered  electron  in  the  first  LL,  labeled  Xoo+eO,  and  another  band 
beginning  at  the  first  electron-hole  minus  0.57Eo  and  extending  to  the  first  LL 
(corresponding  to  a  2p+  exciton  plus  a  scattered  electron  in  the  ground  LL,  labeled 
Xio+eo).  Moreover,  there  is  a  band  above  each  free  LL  corresponding  to  the  bound 
internal  motion  of  the  two  electrons  with  the  hole  in  a  scattering  state  (labeled  2e+ho). 
This  band  is  of  almost  no  importance  for  FIR  X*  transitions. 

The  FIR  absorption  spectra  reflect  this  rich  structure  of  the  possible  final  states. 
The  transitions  to  the  Xoo+ei  continuum  are  dominated  by  a  sharp  onset  at  the  edge  indi¬ 
cated  by  transition  2,  i.e.,  at  an  energy  =  e-CR  phis  the  |0,0,Mz;T>  binding  energy.  In 
addition,  there  is  a  broader  and  weaker  peak  corresponding  to  the  transition  to  the  lower 
edge  of  the  Xoi+eo  magneto-exciton  band  indicated  by  arrow  3.  The  latter  may  be 
thought  of  as  the  ls-»2p+  internal  transition  of  the  magneto-exciton,  which  is  shifted 
and  broadened  by  the  presence  of  the  second  electron.  Thus  the  X’-triplet  behaves 
physically  in  the  FIR  absorption  as  an  exciton  that  very  loosely  binds  an  electron,  and 
the  two  ’’parts"  of  the  complex  can  absorb  the  FIR  photon,  to  some  extent, 
independently.  Transition  2  corresponds  to  exciting  the  loosely  bound  electron  to  the 
next  LL,  while  transition  3  corresponds  approximately  to  exciting  the  "strongly  bound" 
electron  to  an  excited  state  within  the  Xoo  complex,  while  leaving  the  loosely  bound 
electron  in  the  lowest  LL.  At  finite  fields  and  confinement  these  qualitative  features  are 
preserved.  Since  there  is  no  singlet  bound  state  in  the  strictly  2D,  high  field  limit,  we 
reserve  discussion  of  finite  field,  finite  confinement  results  for  these  transitions  to 
Section  V. 


EXPERIMENTAL  DETAILS 


A  powerful  technique  that  circumvents  many  limitations  associated  with  mag¬ 
neto-PL,  or  far- infrared  (FIR)  transmission  spectroscopy  on  undoped  samples  or 
samples  with  low  carrier  densities  has  recently  been  developed.  It  has  been  applied  to 
the  investigation  of  the  electronic  properties  of  semiconductors  and  semiconductor 
nanostructures,  [13]  in  particular,  to  the  study  of  internal  excitonic  transitions  in  type  I 
multiple  quantum  wells  (MQWs).  [14,  15]  Optically  detected  resonance  spectroscopy 
combines  the  sensitivity  of  visible/near  infrared  (JR)  photon  detection  with  FIR 
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absorption.  [13-15,16-18,19]  In  most  implementations  a  sample  is  illuminated 
simultaneously  by  two  laser  beams,  one  visible  and  one  FIR.  The  chopped  FIR  laser 
excites  electronic  transitions  whose  energies  are  tuned  into  resonance  with  the  photon 
energy  by  an  applied  magnetic  field.  Resulting  changes  induced  in  the  near  IR  PL 
simultaneously  excited  by  a  visible  laser  having  photon  energy  greater  than  the  effective 
bandgap  of  the  structure  under  investigation  are  synchronously  detected.  These  changes 
in  intensity  and  shape  of  a  particular  band-edge  photohiminescence  (PL)  feature,  which 
are  induced  by  resonant  absorption  of  FIR  radiation,  are  monitored.  Among  the  major 
advantages  of  ODR  spectroscopy  are  very  high  sensitivity  and  spectral  specificity  of 
both  the  absorption  in  the  FIR  and  the  near  IR  PL  lines.  The  former  permits  studies  of 
undoped  materials  and  structures  and  detection  of  resonances  involving  very  low 
densities  of  (photoexcited)  tree  carriers  and  excitons,  and  impurities.  The  latter  offers 
the  possibility  of  obtaining  detailed  information  about  mechanisms  of  energy  transfer 
from  the  various  internal  transitions  excited  by  the  FIR  to  the  different  recombination 
channels. 


In  the  present  low  temperature  experiments  electrons,  holes  and  excitons  were 
continuously  created  in  MQW  samples  by  optical  excitation  with  the  6328  A  line  of  a 
He-Ne  laser  via  an  optical  fiber  as  shown  in  Fig.  2.  The  PL  from  the  structure  was 
collected  with  a  second  optical  fiber,  analyzed  with  a  single,  0.75  m,  grating- 
monochromator  and  detected  with  a  Si  photodiode  or  a  thermoelectrically  cooled  photo¬ 
multiplier.  A  C02-pumped  molecular-gas  laser  was  used  to  generate  FIR  radiation  at  a 
number  of  wavelengths  ranging  from  70.1  to  513  Jim.  The  chopped  FIR  radiation 
excites  various  transitions  --  electron 


or  hole  CR,  and  internal  excitonic 
transitions  (IET)  in  the  present  case. 
The  energies  of  these  transitions  are 
tuned  into  resonance  by  an  applied 
magnetic  field  of  up  to  15  T.  A  lock- 
in  amplifier  referenced  to  the  FIR 
laser  chopper  was  used  in  conjunction 
with  a  dedicated  personal  computer  to 
record  the  ODR  signal  (the  difference 
in  PL  with  the  FIR  laser  on  and  off). 
The  computer  was  also  programmed 
to  step  the  spectrometer  drive  to  track 
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Table  I:  Characteristics  of  the  GaAs/AIojGaojAs  MQW  samples  used  in  this  study. 


Sample 

Number 

Layer  Width 
Well/Barrier 
_  (nm) 

Nominal  Doping 
Well/Barrier 
(x  1010  cm’2) 

Number  of 
Repetitions 

1 

12.5/12.5 

0/0 

30 

15/15 

0/0 

40 

20/60 

0/0 

20 

■QH 

20/40 

0/2 

40 

Four  GaAs/AlxGa,_xAs  multiple  quantum  well  samples  were  studied  in  this 
work.  The  barrier  composition  was  x  =  0.3  in  all  cases,  and  Sample  4  was  5-doped  with 
Si  at  the  indicated  sheet  density.  The  other  characteristics  are  given  in  Table  I. 


NEUTRAL  MAGNETOEXCITONS 


The  results  presented  in  this  section  extend  earlier  work  on  internal  excitonic 
transitions  by  ODR  spectroscopy.  [14]  The  electronic  states  of  two  undoped 
GaAs/AlojGaojAs  MQW  structures  with  well  widths  of  12.5  nm  and  15  nm  have  been 
studied.  The  other  sample  characteristics  are  given  in  Table  1.  With  this  powerful  tech¬ 
nique  in  a  single  series  of  experiments  on  individual  samples,  electron  CR,  hole  CR, 
and  several  internal  transitions  of  excitons  were  measured,  thereby  verifying  and 
quantifying  the  predicted  results  of  the  symmetry  inherent  to  such  systems  as  discussed 
above. 


The  two  principle  hole  CR  transitions  originating  from  the  different  spin  states 
of  the  highest  heavy-hole  subband  (hhl)  Landau  level  (|0,+3/2>  -*■  |l,+3/2>  and  |0,-3/2> 
-►  1 1  ,-3/2))  are  clearly  identified  from  comparison  with  theoretical  calculations 
described  below.  Here  the  hole  states  are  labeled  In*,  mi ),  where  nj,  =  n'  -  mj  - 1/2,  with 
n'  the  harmonic  oscillator  index,  and  mj  the  z-component  of  total  angular  momentum  (J 
=  3/2).  The  hole  wavefunction  takes  the  closed  form:  {Tv.2, 3/2,  Fn-.i,i/2,  F„',  .1/2,  F„'+t,.3/2]- 
The  following  Luttinger  parameters  were  used  in  the  calculation:  y1  =  6.85,  y2  =  2.1,  y3 
=  2.9  and  k  =  1.2. 


An  example  of  an  ODR  scan  showing  electron  CR  at  1.7  T,  the  mj  =  -3/2  hole 
CR  at  4.3  T  and  the  mj  =  +3/2  hole  CR  at  9.5  T  is  shown  in  the  upper  trace  of  Fig.  3.  at 
an  FIR  laser  energy  of  23.1  cm’1  (A,  =  432.6  pm).  The  predominantly  negative-going 
ODR  signals  reflect  a  decrease  in  the  PL  associated  with  the  free  hhX  caused  by 
absorption  of  FIR  radiation.  The  observed  mj  =  +3/2  hole  CR  occurs  systematically 
about  2  cm’1  above  the  calculated  position  while  the  mj  =  -3/2  hole  CR  agrees  with  the 
calculation  to  better  than  1  cm"1.  The  solid  line  through  the  electron  CR  data  points  is 
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the  result  of  a  three-band  calculation 
of  the  non-parabolicity  of  the 
conduction  band  on  the  electron 
LLs.  The  calculation  ignores  the 
resonant  magneto-polaron 

interaction  of  CR  with  the  LO 
phonon  at  296  cm'1  which  depresses 
the  CR  energy  measurably  at 
magnetic  fields  above  about  10  T. 
As  discussed  below,  the 
simultaneous  observation  of  electron 
and  hole  CR  in  low-dimensional 
structures  along  with  the  IETs 
allows  the  symmetry-derived 
relationship  discussed  previously  to 
be  verified,  and  the  complex 
spectrum  of  IETs  to  be  disentangled 
and  individual  transitions  to  be 
identified. 


Magnetic  Field  (T) 


The  lower  trace  m  Fig.  Fig  3  ODR  scans  from  Sample  lat  4.2  K  as  a  function 
shows  several  of  the  IETs  as  well  as  of  magnetic  fieId  for  FIR  laser  photon  energies  of  (a) 
electron  CR  at  7.8  T  at  an  FIR  laser  23.1  cm1,  and  (b)  103.6  cm’1.  IETs  in  (b)  are  marked 
energy  of  103.6  cm*1  (A  =  96.51  with  (-)  and/or  (+)  to  indicate  the  electron  and  hole  spin 
pm).  The  ls~>2p+  IET,  as  well  as  states  of  their  constituents,  i.e.,  (+1/2,  -3/2)  or  (- 1/2, 
two  ls-»2p.  IETs  resulting  from  the  +3/2),  respectively. 

[+1/2,  -3/2]  exciton  (an  exciton  composed  of  an  mj  =  +1/2  electron  and  an  mj  =  -3/2 
hole)  and  the  [-1/2,  +3/2]  exciton  are  identified.  A  near  degeneracy  of  the  two  ls->2p+ 
transitions  (over  this  field  region)  prevents  observation  of  two  individual  features.  This 
assignment  is  supported  by  experimental  observations,  the  known  band  structure  of 
GaAs,  and  a  physical  understanding  of  the  IETs  in  the  high  field  limit.  First,  the 
measurements  reflect  the  previously  mentioned  symmetry.  Second,  the  slopes  of  the 
ls~+2p+  and  mj  =  ±3/2  ls->2p.  IETs  at  high  magnetic  fields  are  similar  to  those  of 
electron  and  mj  =  ±3/2  hole  CR,  respectively.  Third,  ODR  measurements  with  circularly 
polarized  light  at  84.2  cm'1  (A  =118.8  pm)  show  that  the  nearly  degenerate  ls-»2p+ 
features  are  stronger  in  the  electron-CR-active  polarization  and  the  ls~+2p.  features  are 
stronger  in  the  opposite  polarization.  Finally,  in  the  high  field  limit  the  ls-^2p+ 
transitions  correspond  to  promotion  of  the  electron  from  the  lowest  to  the  first  LL.  Since 
the  energy  difference  between  e-CR(+l/2)  and  e-CR(-l/2)  is  not  measurable  in  this 
field  range,  the  two  corresponding  allowed  ls~^2p+  features  are  also  not  distinguishable. 
On  the  other  hand,  the  Is  -+2p-  transitions  from  the  two  different  excitons  correspond  to 
promoting  a  hole  from  the  lowest  to  the  first  hole  LL.  Since  there  is  a  large  splitting  be¬ 
tween  the  ±3/2  h-CRs,  there  is  a  correspondingly  large  energy  separation  between  the 


two  Is  -*2p.  transitions. 


Electrochemical  Society  Proceedings  Volume  98-19 


234 


The  three  highest  energy  exci- 
tonic  features  in  the  summary  plot  of 
Fig.  4  are  tentatively  identified  as  the 
ls->3p+  transitions  (nearly  degenerate 
as  in  the  2p+  case),  and  the  ls->3p.  (m, 
=  ±3/2)  transitions.  These  features  can 
be  seen  in  the  lower  trace  of  Fig.  3  at 
fields  of  1.9,  2.8,  and  3.2  T,  re¬ 
spectively.  Comparison  of  the  energy 
difference  between  electron  and  hole 
CR  with  that  of  the  ls->3p.  to  ls-+3p+ 
transitions  is  in  agreement  with  this 
assignment.  However,  it  is  difficult  to 
make  this  identification 
unambiguously  due  to  the  small 
number  of  data  points  and  the 
weakness  of  the  higher  energy  IETs. 
At  84.2  cm’1  the  two  ls->3p. 
transitions  are  not  resolvable  and 
appear  as  a  single  feature.  More  de¬ 
tailed  measurements  and  calculations 
are  needed  to  resolve  this  uncertainty. 
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Fig.  4.  Summary  plot  of  the  transition  energies  of  the 
observed  IETs  and  CR  vs.  magnetic  field  for  Sample  1. 
Dashed  lines  are  guides  to  die  eye.  Solid  lines  for  e-CR 
and  h-CR  are  calculations  as  described  in  the  text  The 
open  symbols  are  ls->3p±  transitions.  The  lower  arrows 
show  the  energy  difference  between  e-CR  and  h- 
CR(+3/2)  (at  4T)  and  h-CR(-3/2)  (at  6T).  The  upper 
arrows  are  the  lower  arrows  vertically  displaced  to 
originate  on  the  ls->2p_(+)  transition  (at  4T)  and  the 
ls->2p_(-)  transition  (at  6T).  Both  terminate  on  die 
ls-»2p_(±)  IETs,  as  predicted  from  symmetry. 


Figure  4  summarizes  the  ob¬ 
served  internal  excitonic  transitions  for  different  FIR  laser  energies  for  Sample  1.  Lines 
are  drawn  as  guides  to  the  eye.  Arrows  are  shown  at  magnetic  fields  of  4  and  6  T  to 
display  the  electron/hole-CR,  ls-+np±  relationship.  The  length  of  the  double-headed 
arrows  represents  the  energy  difference  between  electron  CR  and  the  appropriate  hole 
CR  measured  from  the  data  of  Fig.  4.  In  the  case  of  the  mj  =  +3/2  hole  CR,  a  fit  through 
the  data  points  (parallel  to  the  theoretically  calculated  line)  was  used.  With  the  bottom 
of  the  arrow  placed  at  the  respective  ls-^np.  transition,  the  top  of  the  arrow  “predicts” 
the  position  of  the  ls->np+  transition.  The  CR  energy  difference  is  very  close  to  the  ls- 
2p±  energy  difference,  and  thus  verifies  the  predicted  symmetry-based  relationship 
within  experimental  error. 


In  Fig.  5  ODR  results  from  Sample  2  (15  nm  well-width)  are  presented  for 
several  FIR  laser  lines.  The  general  features  are  very  similar  to  those  obtained  for 
Sample  1.  At  the  longest  wavelengths  electron  and  hole  CR  are  observed  while  at 
shorter  wavelengths  electron  CR  and  internal  transitions  of  neutral,  heavy-hole  excitons 
are  seen. 


A  compilation  of  data  from  this  sample  is  presented  in  Fig.  6.  The  various 
features  are  identified,  and  are  compared  with  the  data  from  Sample  1  (shown  as  the 
solid  lines).  As  anticipated,  the  ODR  features  for  the  wider  wells  of  Sample  2  occur  at 
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systematically  lower  energies  than 
the  corresponding  transitions  from 
the  narrower-well  sample.  Only  one 
hole  CR  was  observed  in  this  sample 
(mj  =  +3/2);  so  it  is  only  possible  to 
check  the  symmetry-derived 
relationship  for  this  internal 
transition.  The  results  in  this  case 
agree  reasonably  well  with  the 
prediction.  There  are  two  features 
that  require  additional  explanation. 
There  are  two  1  s-»2p_  lines 
occurring  rather  close  in  energy  (a 
much  smaller  splitting  than 
calculated  for  the  hole  CR  splitting), 
and  two  ls->2p+  lines  at  fields 
above  4  T,  where  only  one  is 
expected.  These  pairs  may  be  due  to 
monolayer  fluctuations  in  the  well- 
widths,  or  one  or  more  wells  (out  of 
the  40)  that  are  narrower.  The  data 
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90.51  Mm 
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123456789 10111213 
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for  the  12.5  nm  wells  of  Sample  1  Fig.  5  ODR  scans  for  Sample  2  (15  nm)  at  die  indicated 
extrapolate  to  a  zero-field  ls->2p  FIR  laser  wavelengths.  Several  transitions  are  labeled. 

transition  energy  of  60  cm'1,  while 

the  corresponding  extrapolated  zero-field  energy  for  the  15  nm  wells  of  Sample  2  is 
about  51  cm'1,  in  reasonable  agreement  with  calculations.  [20]  Data  for  a  20nm  well- 
width  sample  (not  shown)  exhibit  the  expected  qualitative  trend  to  lower  transition  ener¬ 
gies  for  weaker  confinement;  the  108  ■  ■  •  1  •  ■  •  ■  ryr  ■  V/ 

extrapolated  ls->2p  energy  is  48cm'1.  )40_  .-n*m 


NEGATIVELY  CHARGED 
MAGNETOEXCITONS 


M12.6  nm  Welp 


Figure  7  shows  PL  data 
obtained  from  Samples  3  (lower 
panel)  and  4  (upper  panel)  at  zero 
magnetic  field.  The  separation  of  the 


MtgiwtJc  Ftaki  m 


two  peaks  labeled  X  and  X'  is  10.5  Fig  6.  Summary  plot  for  Sample  2  (15  nm).  Data  for  this 
cm'1.  The  increase  in  the  relative  sample  are  shown  by  the  symbols  connected  by  dotted 
intensity  of  the  X"  peak  in  Sample  4  lines.  Electron  CR  is  labeled,  and  the  solid  lines  are  the 
results  from  the  increased  electron  results  for  foe  lowest  transitions  (as  indicated)  of  sample 

density  in  the  wells  due  to  *  nm^' 
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related;  the  latter  is  also  seen  in  sample  4  at  slightly  elevated  temperatures. 

Assignments  of  the  various  features  are  based  on  the  above  qualitative  trend, 
theoretical  calculations  in  the  high-field,  strictly  2D  limit,  and  numerical  calculations 
for  20  nm  wells  at  magnetic  fields  above  9T.  Our  experimental  investigations  of 
negative  donor  ions  in  quantum  wells  provide  some  guidance  in  assigning  features, 
however,  naive  comparisons  are  misleading  in  some  cases  due  to  the  unusual  behavior 
of  X“  described  in  a  previous  section.  Calculations,  experiments  and  physical  arguments 
for  negative  donor  ions  (D")  all  agree  that  the  singlet  transition  is  red-shifted  from  its 
one-electron  ls-*2p+  neutral  donor  parent  transition.  Thus,  naively,  one  might  expect 
similar  behavior  for  the  X"-singlet.  The  features  in  Fig.  9  lying  approximately  20  and  32 
cm'1  above  e-CR  (open  and  solid  triangles,  respectively)  are  indeed  lower  m  energy 
than  the  measured  ls->2p+  transition  for  X,  except  at  the  highest  fields.  The  ls->2p 
IET  for  hhX  for  a  20  nm  well  begins  at  an  energy  well-above  either  of  these  features  at 
zero  field,  but  has  a  smaller  slope,  and  lies  in  the  same  region  at  high  fields.  The 
calculated  ls->2p  transition  energy  at  B  =  0  is  49  cm~l[20],  and  the  extrapolated  ls-»2p 
transition  energy  from  experiments  on  internal  transitions  of  neutral  excitons  for  a  20 
nm  well-width  sample  yield  a  value  of  48  cm ',  both  well-above  the  extrapolated  values 
of  any  of  the  observed  features  in  Samples  3  or  4.  Numerical  calculations  for  a  20  nm 
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well  at  9T  predict  that  the  dominant 
XT-singlet  transitions  originate  in  a  0 

localized  ground  state  associated  -i 

with  the  zero  LL  (similar  to  that  ,2 

discussed  in  Section  II  for  the  g 
triplet)  but  terminate  in  a  continuum  $ 
of  states  associated  with  the  next  LL  g  4 
(one  electron  promoted  to  the  first  o  -s 
excited  LL).  These  transitions  give  4 
rise  to  a  broad,  double  peaked 
structure  in  the  absorption  spectrum; 
at  9  T  the  two  peaks  occur  24  and  42  0  i  ‘234967$* 

cm'1  above  e-CR,  comparable  to,  but  Magnetic  Field 

greater  tlm,  ^  positions  of  the  p.  ,  A  comparison  of  ODR  Sp<!ctra  for  Samples  3  and 

measured  features.  Thus  it  is  likely  4  *  ,  ^  laser  mvelcBglh  rfTl7.7  pm.  lie  various 

that  the  observed  two  lines  are  the  features  are  discussed  in  the  text, 
singlet  transitions.  Other  possible 

assignments  [21]  for  the  experimentally  observed  lines  such  as  singlet  transitions  of 
(accidental)  D'  ions  in  the  wells  can  be  excluded  based  on  the  measured  energies  in 
intentionally  well-doped  samples  having  the  same  well  width.  [13,22] 


The  line  that  lies  just  below  e-CR  in  magnetic  field  (just  above  in  energy)  is  as¬ 
signed  to  a  triplet  (T~)  transition.  The  corresponding  D-  transition  is  predicted  to  be 
blue-shifted  and  to  lie  very  close  to  e-CR.[ll]  However,  as  discussed  previously, 
although  superficially  very  similar,  the  free  motion  of  the  center  of  mass  of  the  excitons, 
and  the  continuum  of  scattering  states  involving  the  electron  and  a  neutral  exciton  (the 


Xoo  +  ei  continuum  in  Fig.  1)  lead  to 
very  different  physics  for  X".  All  the 
oscillator  strength  for  the  XT-triplet 
internal  transitions  in  the  a+- 
polarization  is  shifted  from  the  bound- 
to-bound  transitions  that  dominate  D“ 
to  bound-to-continuum  states  lying 
below  the  first  excited  LL.  For  X“  the 
bound-to-bound  transitions  would  be 
the  |0,0,Mz;T>  to  |1,0,MZ+1;T> 
transitions  (arrow  1  in  Fig.  1),  which 
have  vanishing  oscillator  strength  in 


2D  in  a  magnetic  field.  The  dominant 


Magnetic  Field 


absorption  features  correspond  to  Fig.  9.  A  summary  plot  of  E  vs.  B  of  the  ODR  line,  for 
transitions  to  the  edge  of  the  Xoo+e  Sample  3  at  several  laser  wavelengths  (indicated).  ▲  and 
continuum  with  a  tail  of  absorption  to  A,  possibly  both  singlet-related;  •,  e-CR;  T,  bound-to- 
higher  energies  (as  is  observed  in  the  continuum  triplet  transition;  o  possible  Is  -  2p.  -singlet 
experiments).  For  a  20  nm  well,  transitions.  □  and  0,  transitions  to  higher  LLs. 
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numerical  calculations  give  a  peak  in  absorption  about  5.5  cm'1  above  e-CR.  The 
experimental  peaks  lie  approximately  3-4  cm'1  above  e-CR,  in  fair  agreement.  From  this 
comparison,  we  assign  the  broad  feature  with  a  peak  just  below  e-CR  in  magnetic  field 
and  a  tail  to  low  fields  (higher  frequencies)  to  transitions  to  the  Xoo+ei  continuum  from 
the  triplet  ground  state  (|0,0,M2;T>). 

Finally,  the  broad  and  weak  features  at  high  fields  and  low  photon  energies 
(open  circles  with  large  error  bars  in  Fig.  9)  are  somewhat  perplexing.  They  are 
observed  only  in  Sample  3.  A  possible  assignment  is  1S-+2P-  transitions  associated 
with  the  two  different  hole  spin  states,  involving  promoting  a  hole  from  the  ground  to 
the  first  Landau  level.  However,  the  absence  of  these  transitions  in  Sample  4  seems  to 
contradict  this  assignment.  The  weak  features  with  large  slopes  in  Fig.  9  appear  to  be 
higher  excited  state  transitions. 

In  summary,  we  have  presented  evidence  from  ODR  experiments  for  internal 
transitions  of  negatively  charged  excitons  (XT  in  20  nm  GaAsM.lo.3Gao.7As  MQWs. 
There  are  still  a  number  of  features  that  are  not  fully  explained  and  which  require 
further  study.  A  definitive  assignment  of  the  various  transitions  awaits  more  detailed 
theoretical  calculations  at  lower  magnetic  fields.  [8] 

CONCLUSIONS 


The  high  sensitivity  and  general  utility  of  the  ODR  technique  are  clear  from  the 
present  results.  The  simultaneous  detection  of  electron  CR,  mj  =  ±3/2  hole  CR,  and  sev¬ 
eral  internal  excitonic  transitions  has  allowed  a  clear  observation  of  the  symmetry  inher¬ 
ent  in  the  electron  and  hole  system,  and  verification  of  the  predicted  relationship 
between  the  energy  differences  between  the  np+  and  np.  internal  transitions  and  the 
energy  differences  between  e-CR  and  the  two  observed  mj  =  ±3/2  hole  CRs. 
Calculations  of  the  hole  CR  energies  vs.  B  are  in  good  agreement  with  the 
measurements. 

Results  on  samples  having  excess  elections  in  the  wells  and  exhibiting  both  X 
and  X"  PL  lines  are  interpreted  in  terms  of  internal  transitions  of  XT  from  localized, 
discrete  ground  states  to  a  continuum  of  final  states.  In  the  case  of  the  triplet-related 
transitions,  this  leads  to  the  surprising  result  that  the  peak  in  the  triplet  resonance  occurs 
above  e-CR  in  contrast  to  analogous  results  for  negative  donor  ions  (D~). 
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Optical  Properties  of  Excitons  in  Semiconductor  Quantum  Wires. 
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Spectra  of  luminescence  and  linear  and  nonlinear  absorption  of  semiconductor 
quantum  wires  crystallized  in  a  transparent  dielectric  matrix  have  been  investigated 
and  interpreted  in  terms  of  excitonic  transitions  and  filling  of  the  exciton  phase 
space.  The  calculated  energies  of  excitonic  transitions  are  in  qualitative  agreement 
with  experimental  data.  The  estimated  values  of  exciton  binding  energies  (>100 
meV)  in  semiconductor  quantum  wires  embedded  in  dielectric  are  a  factor  of 
several  tens  higher  than  in  bulk  semiconductors.  The  cause  of  this  increase  in  the 
exciton's  binding  energy  is  not  only  dimensional  quantization,  but  also  the 
enhancement  of  Coulomb  interaction,  i.e.  stronger  attraction  between  electrons  and 
holes  owing  to  the  large  difference  between  dielectric  constants  of  semiconductor 
filament  and  dielectric  matrix. 


Introduction 

In  recent  years,  researcher's  attention  has  been  attracted  by  quantum  wires  (QWRs), 
semiconductor  nanostructures  where  carriers  and  excitons  can  move  freely  only  in  one 
direction,  because  they  not  only  demonstrate  interesting  properties,  but  also  show 
promise  in  view  of  their  application  to  electronic  and  optoelectronic  devices.  In  QWRs 
confinement  reduces  the  distance  between  electron  and  hole  in  two  dimensions  and 
enhances  their  Coulomb  interaction  and  therefore  the  exciton  binding  energy  and  its 
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oscillator  strength.  For  the  realistic  QWRs  (long  filaments  of  small  diameter  d«a™ , 
where  a™  is  the  effective  radius  of  exciton  in  the  bulk)  the  binding  energy  increases 

-[ln^/a’0)]1  and  the  effective  length  of  exciton  decreases:  ajf~|ln(rf/0|  1  [1].  The 

latter  leads  to  the  increase  of  the  oscillator  strength  that  is  inversely  the  effective  volume 
of  exciton.  The  higher  binding  energy  and  oscillator  strength  of  excitons  in  QWRs 
allowed  to  obtain  effective  laser  emission  even  at  room  temperature  [2,3],  Two- 
dimensional  confinement  increases  the  binding  energy  and  oscillator  strength  of  excitons, 
but  only  few  times.  The  most  important  factor  defining  not  high  values  of  these 

parameters  is  the  large  dielectric  constants  ( £s  >10)  that  are  typical  of  semiconductors. 
In  nanostructures,  consisting  of  semiconductor  and  dielectric  components,  the  Coulomb 
interaction  between  electron  and  hole  inside  the  semiconductor  layers  or  filaments  may 
be  considerably  enhanced  [4,5],  Qualitatively  it  can  be  explained  resorting  to  the  electric 
lines  of  forces  that  connect  electron-hole  pair.  They  propagate  partially  outside  the 
semiconductor  layer  or  filament  in  dielectric  with  the  dielectric  constant  ed  «  ss .  Thus 
it  is  possible  to  change  the  binding  energy  and  the  oscillator  strength  of  excitons  in 
QWRs  constituting  semiconductor  filaments  and  dielectric  matrix  with  different  dielectric 
constants  -  realizing  Coulomb  interaction  engineering  [1]. 

This  paper  presents  measurements  of  luminescence  and  linear  absorption  of  InP,  CdSe 
and  GaAs  QWRs  crystallized  in  a  transparent  dielectric  matrix  and  nonlinear  absorption 
using  powerful  picosecond  laser  for  excitation.  The  features  observed  in  linear 
absorption  and  luminescence  spectra  can  be  interpreted  in  terms  of  excitonic  transitions. 
The  energies  of  excitonic  transitions  calculated  using  a  variational  procedure  (with  due 
account  of  image  potentials  and  dimensional  quantization  of  both  electrons  and  holes) 
are  in  good  accord  with  the  measurements.  Owing  to  the  effect  of  dielectric  enhancement 
[6-8],  the  exciton  binding  energies  are  veiy  high  (more  than  100  meV).  Physical 
processes  leadiing  to  nonlinear  effects  in  the  absorption  have  been  analyzed,  in  particular, 
filling  of  the  exciton  phase  space,  screening  of  excitons,  renormalization  and  filling  of 
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one-dimensional  electron  and  hole  bands  when  high-density  plasma  is  generated  in 
QWRs 

Experimental  techniques  and  results 

There  are  various  techniques  for  fabrication  of  QWRs,  namely,  the  molecular-  beam 
epitaxy  or  metal-organic  chemical  vapor-phase  deposition  on  preprocessed  substrates, 
etching  of  two-dimensional  semiconductor  structures,  and  cleaving  of  a  two-dimensional 
structure  in  a  plane  perpendicular  to  the  surface  with  continued  MBE  process  on  the 
cleaved  surface  (fabrication  of  a  T-shaped  QWR),  etc.  These  techniques,  however,  do 
not  allow  to  produce  samples  in  which  the  dimensions  and  density  of  QWRs  are  suitable 
to  measure  linear  and  nonlinear  absorption  spectra  without  an  optical  near-field 
microscope.  We  investigated  samples  manufactured  using  an  alternative  technique  [9]: 
melted  semiconductor  material  was  injected  in  hollow  nanometer  size  channels  of 
crysotile  asbestos  tubes  and  crystallized.  Given  the  large  sample  dimensions  and  density 
of  crystalline  QWRs,  we  could  measure  both  linear  and  nonlinear  absorption.  The 
samples  were  densely  packed  regular  structures  of  parallel  crysotile  asbestos  nanotubes 
with  an  external  diameter  of  about  30  nm  containing  InP,  CdSe  and  GaAs  crystalline 
QWRs  The  internal  diameters  of  nanotubes  were  measured  by  a  high-resolution 
microscope*.  The  samples  in  which  semiconductor  QWRs  were  grown  contained 
nanotubes  of  two  types:  most  of  them  had  an  internal  diameter  4  -  4.8  nm,  the  rest  had  a 
diameter  of  about  5  -  6nm. 

For  nonlinear  absorption  measurements  QWRs  were  excited  by  ultrashort  pulses  (with 
duration  about  20  ps)  of  the  second  harmonic  of  a  Nd:YAG  mode-locked  laser 
(Act  =2. 33  eV).  The  pumping  intensity  was  up  to  100  MW /  cm1 .  The  laser  beam 
polarized  in  the  direction  parallel  to  the  QWRs  was  incident  normally  on  the  sample 
surface  and  focused  into  a  spot  with  a  diameter  of  200  pm.  The  central  part  of  the 
excited  spot  was  probed  by  a  focused  beam  of  "white"  light  (picosecond  continuum).  In 


*  These  measurements  were  performed  by  N.  A.  Kiselev  and  D.N.  Zakharov  (Institute  of 
Crystallography,  Russian  Academy  of  Sciences). 
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order  to  generate  picosecond  continuum,  a  fraction  of  laser  light  at  the  fundamental 
frequency  was  fed  to  a  sell  filled  with  heavy  water.  An  optical  delay  line  allowed  us  to 
delay  the  probing  pulse  and  study  the  kinetic  properties  of  the  induced  absorption.  The 
spectrum  of  the  probing  pulse  before  and  behind  the  sample  was  recorded  using  optical 
multichannel  analyzer.  In  our  experiments,  we  measured  the  differential  transmission: 
DT(Jl)=[T(A,)-T ,  (V)]/  T  0  (X)  where  T(X)  and  T ,  (i X )  are  the  transmission  spectra  of  the 

excited  and  nonexcited  sample. 

The  spectra  of  linear  absorption  of  InP,  GaAs  and  CdSe  QWRs  grown  inside  crysotile 
asbestos  nanotubes  are  given  in  Fig.  1,  2.  Note  the  features  in  the  linear  absorption 
spectra,  namely  broad  bands  ("hills")  peaking  at  the  frequencies  of  exciton  transitions  in 
QWRs  crystallized  in  dielectric  matrix  (see  below)  against  the  background  of  absorption 
increasing  with  decreasing  wavelength.  The  position  of  the  bleaching  bands  in  the 
differential  transmission  spectra  of  GaAs  [8]  and  InP  QWRs  coincided  with  these  hills 
in  the  linear  absorption  spectra.  The  differential  transmission  spectra  of  CdSe  QWRs 
crystallized  in  dielectric  nanotubes  (Fig. 2)  contain  two  bleaching  bands:  a  short-wave 
band  peaking  at  1.98  eV  and  a  long-wave  band  at  about  1.8  eV.  The  positions  of  induced 
bleaching  bands  in  the  spectrum  of  differential  transmission  at  zero  delay  between  the 
pumping  and  probing  pulses  coincide  with  corresponding  hills  in  the  linear  absorption 
spectrum. 

The  luminescence  spectra  of  InP  QWRs  crystallized  in  crysotile  asbestos  nanotubes 
consist  from  two  bands  (Fig.3).  The  short-wave  band  peaked  at  655  nm  (4.2  K)  and  a 
long-wave  band  peaked  at  about  690  nm.  The  latter  was  detected  only  in  some  regions 
of  the  samples  (  the  focused  exciting  laser  beam  was  scanned  across  sample's  surface). 
The  full  width  at  half  maximum  of  luminescence  band  decreases  at  low  temperature  of 
the  sample  and  in  the  case  of  recording  the  luminescence  from  the  small  area  (Fig.4) 
using  microscope. 

The  application  of  synchroscan  technique  and  frequency-doubled  mode-locked  Ti- 
saphire  laser  for  excitation  has  allowed  to  get  the  time-resolved  spectra 
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of  InP  QWRs’  luminescence  (Fig. 6). 

The  spectrum  of  InP  QWRs'  excitation  (Fig.7)  has  been  measured  using  Xe-lamp  for 
pumping  the  samples  and  photon  counting  system  for  registration. 

Theoretical  model 

Our  theoretical  description  of  the  features  in  the  linear  absorption  and  luminescence 
spectra  of  QWRs  is  based  on  the  model  of  Wannier-Mott  exciton  localized  in  a  thin 
cylindrical  semiconductor  wire  inside  a  dielectric  matrix  [6],  Given  the  large  difference  (a 
factor  of  five  to  six)  between  the  dielectric  constants  of  the  semiconductor  and  matrix, 
image  potentials  play  an  essential  role,  alongside  the  dimensional  quantization,  which 
determines  the  quasi-one-dimensional  character  of  excitons.  These  potentials  lead  to  the 
effect  of  dielectric  enhancement  [4,5]  (the  exciton  binding  energy  increases  by  a  factor  of 
several  tens)  and  to  renormalization  of  localizing  potentials  in  QWRs  owing  to  additional 
self-image  potentials  [7]. 

The  separation  between  dimensional  quantization  levels  in  GaAs  and  InP  (CdSe) 
QWRs  varies  between  100  meV  for  heavy  holes  (A  and  B  valence  subbands)  to  several 
hundreds  of  millielectronvolts  for  light  holes  and  electrons.  These  values  are  comparable 
to  or  higher  than  the  calculated  exciton  binding  energies  and  much  larger  than  the 
Coulomb  correlation  energy  between  dimensional  quantization  levels.  This  allows  us  to 
separate  the  carrier  motion  in  the  localizing  potential  perpendicular  to  the  wire  axis  from 
the  relative  electron-hole  motion  along  the  QWR's  axis.  The  complex  spectrum  of  the 
valence  band  in  InP,  GaAs  and  CdSe  and  the  hybridization  of  the  light  and  heavy  hole 
subbands  (A  and  B  subbands)  under  the  localizing  potential  deserve  a  dedicated 
investigation  (see,  for  example,  Ref.  [10]).  Under  the  conditions  of  dimensional 
quantization,  however,  the  valence  band  degeneracy  (quasi-degeneracy  in  the  case  of 
CdSe  QWRs  is  lifted  and  the  hole  subbands  are  split  from  one  another  (their  effective 
masses  remain  anisotropic).  The  effects  of  band  nonparabolicity  in  this  case  are 
suppressed,  which  allows  us  to  neglect  the  hole  mass  renormalization  when  the  subband 
splitting  is  large  and  use  the  hole  effective  masses  [11]  obtained  at  room  temperature. 
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Thus,  within  our  theoretical  model  we  consider  two  types  of  excitons.  In  InP,  GaAs  we 
have  e-hh  excitons  formed  by  holes  which  are  light  along  the  wire  axis  and  heavy  in  the 
plane  where  the  motion  is  confined,  and  e-lh  excitons  with  holes  that  are  heavy  along  the 
wire  axis  and  light  in  the  confinement  plane.  In  CdSe,  these  are  excitons  formed  by  holes 
from  A  and  B  valence  subbands. 

Note  that  the  two-dimensional  localizing  potentials  acting  on  electrons  and  holes 
include,  as  in  Ref.  [7],  the  self-image  potentials  of  charges.  The  self-image  potentials 
essentially  modify  the  quantum  well  shape  by  reducing  its  depth,  which  affects  primarily 
the  renormalized  semiconductor  band  gap,  hence  the  exciton  peak  position. 

The  exciton  parameters,  namely  the  binding  energy,  wave  function,  and  dimension 
along  the  wire  axis,  are  calculated  using  the  variational  technique  [6]  taking  into  account 
the  contribution  of  image  potentials  to  the  energy  of  Coulomb  interaction  between 
electrons  and  holes  averaged  over  wave  functions  of  the  transverse  motion  of  carriers. 
The  dependence  of  the  exciton  transition  energies  in  InP  QWRs  upon  the  radius  of  QWR 
is  presented  in  Fig. 5  for  different  temperatures. 

Discussion  of  results. 

Unlike  three-  and  two-dimensional  semiconductor  systems,  optical  properties  of  quasi- 
one-dimensional  systems  are  largely  controlled  by  excitonic  transitions  owing  to  the 
anomalously  large  concentration  of  oscillator  strength  at  frequencies  of  excitonic 
transitions  [12,13].  In  linear  absorption  spectra  of  crysotile  asbestos  samples  containing 
InP,  GaAs  and  CdSe  QWRs  (Fig.  1,2),  we  also  observe  absorption  that  monotonically 
grows  with  the  photon  energy.  It  seems  that  a  fraction  of  the  semiconductor  material  is 
crystallized  between  bunches  of  crysotile  asbestos  nanotubes  in  the  form  of  relatively 
large  microcrystalls.  The  interband  absorption  in  the  bulk  semiconductor  (microcrystalls 
unaffected  by  dimensional  quantization)  can  contribute  a  monotonic  component  to  the 
absorption  spectrum. 

This  conjecture  is  confirmed  by  the  spectra  of  the  differential  transmission  of  crysotile 
asbestos  samples  containing  CdSe  (Fig.2),  which  demonstrate,  alongside  the  nonlinear 
absorption  of  CdSe  QWRs,  nonlinear  changes  near  the  bulk  CdSe  absorption  edge 


Electrochemical  Society  Proceedings  Volume  98-19 


246 


(about  700  nm)  .  The  1.79-eV  band  in  differential  transmission  spectrum  corresponds  to 
transitions  in  bulk  CdSe,  and  its  blue  shift  and  bleaching  under  high  pumping  excitation 
can  be  attributed  to  renormalization  of  the  semiconductor  band  gap,  filling  of  electron 
and  hole  bands,  effects  of  Coulomb  screening,  and  filling  of  the  exciton  phase  space 
[14,15],  Differential  absorption  spectra  of  pumped  samples  allow  us  to  separate  the 
nonlinear  absorption  in  QWRs  due  to  "saturation"  of  excitonic  transitions  (see  below).  It 
seems  that  changes  in  the  bulk  absorption  occur  only  in  the  band  near  the  fundamental 
absorption  edge  after  fast  relaxation  (in  less  than  10-11  s)  of  carriers  to  the  band 
minimum,  whereas  the  discrete  bleaching  band  of  CdSe  (1. 9-2.1  eV)  arises  due  to 
changes  in  the  absorption  of  nanostructures.  Thus  we  can  get  rid  of  the  background  due 
to  the  bulk  semiconductor  by  measuring  differential  transmission  spectra. 

In  accordance  with  the  suggested  theoretical  model,  we  attribute  the  peculiarities  in  the 
linear  absorption  spectra  (Fig.  1)  and  bleaching  bands  in  differential  transmission  spectra 
of  samples  with  InP,  GaAs  and  CdSe  QWRs  to  linear  absorption  by  e-hh  excitons  in  InP, 
e-hh  and  e-lh  excitons  in  GaAs,  linear  and  nonlinear  absorption  of  A-  and  B-excitons  in 
CdSe  (Fig.2)  QWRs  with  diameters  4-4.8  nm  and  with  diameters  exceeding  4.8  nm.  The 
calculated  energies  of  exciton  transitions  are  shown  by  arrows  in  Fig.  1,2.  The  great 
width  of  the  excitonic  absorption  bands  (Fig.  1,2)  and  luminescence  bands  (Fig. 3, 4)  is 
probably  determined  by  the  inhomogeneous  broadening  -  mainly  by  size  dispersion  of 
QWRs.  The  energy  of  exciton  transition  in  QWR,  embedded  in  dielectric  is  very  sensitive 
(Fig.  5)  to  its  lateral  dimensions.  The  cooling  of  the  samples  with  QWRs  of  InP  allows  to 
decrease  the  homogeneous  broadening,  while  excitation  of  small  area  allows  to  exclude 
partly  the  inhomogeneous  broadening  of  excitons  luminescence  bands  (Fig.4). 

The  calculations  of  the  exciton  transitions  that  are  in  good  agreement  with  measured 
linear  absorption  and  luminescence  also  allow  us  to  analyze  features  of  the  nonlinear 
spectra  of  QWRs.  In  the  samples  of  CdSe  QWRs  the  energies  of  transitions  due  to  A- 
and  B-excitons  are  close  to  each  other  (the  separation  between  them  is  within  the 
spectral  line  width)  owing  to  the  small  difference  between  effective  masses  of  A-  and  B- 
holes  and  initial  small  separation  between  these  subbands,  as  a  result,  these  pairs  of 
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excitonic  transitions  form  wide  excitonic  absorption  bands  (Fig.2).  As  the  optical 
pumping  intensity  increases,  different  nonlinear  processes  in  QWRs  coexist  and  compete 
with  one  another,  namely,  the  effect  of  filling  of  the  phase  space  and  screening  of 
excitons,  filling  of  electron  and  hole  energy  bands,  and  renormalization  of  the  band  gap 
in  the  one-dimensional  semiconductor  [16].  Generation  of  excitons  and  high  density 
plasma  leads  to  bleaching  in  the  exciton  absorption  band  (Fig.2)  because  the  electron- 
hole  interaction  is  moderated  owing  to  screening  effects  and  filling  the  phase  space.  The 
effect  of  phase  space  filling  manifests  because  excitons  are  composed  from  electrons 
and  holes,  which  are  subject  to  Pauli's  exclusion  principle,  whereas  only  electron-hole 
states  unoccupied  by  electrons  and  holes  can  be  involved  in  forming  excitons.  The 
screening  leads  to  a  spatial  redistribution  of  electrons  and  holes.  This  process,  which  is 
usually  suppressed  in  quasi-one-dimensional  structures,  can  be  essentially  intensified  in 
the  presence  of  image  charges.  Both  these  effects  -  filling  of  the  phase  space  and 
Coulomb  screening  -  shift  the  exciton  band  to  the  short-wave  side.  On  the  other  hand, 
the  band  gap  renormalization  taking  place  at  high  densities  of  photogenerated 
nonequilibrium  carriers  (it  is  up  to  107  anx  in  our  experiments)  leads  to  a  long-wave  shift 
of  the  exciton  absorption  line. 

The  decay  of  the  intensity  of  InP  QWRs'  luminescence  at  the  wavelength  of  e-hh 
exciton  transition  (655  nm  at  2K  and  660  nm  at  300K)  consists  from  fast  and  slow  parts 
(Fig.  6).  The  pumping  intensity  of  Ti-saphire  laser  was  too  low  to  explain  the  kinetics  of 
luminescence  by  any  nonlinear  process.  The  curves  in  Fig.6  can  be  approximated  by  two 

exponents  (I  =  A  exp (-t  /  T^  +  B  exp(-t  /  r2 ) )  with  ^  =550  ps  (2K),  400  ps 

(300K)  and  T2  =10  ns  (2K),  4  ns  (300K).  The  linear  recombination  at  one  and  the 
same  frequency  with  different  relaxation  times  may  be  explained  by  the  capture  of  part 
of  excited  carriers  in  surface  localized  states  and  their  following  slow  recapture  [17]. 

A  new  band  in  the  vicinity  of  590  nm  has  been  registered  in  luminescence  excitation 
spectrum  of  InP  QWRs  (Fig. 7).  The  intensity  of  luminescence  was  measured  at  650  nm 
with  1.5  nm  gates.  The  increasing  of  the  luminescence  intensity  in  the  case  of  tuning  the 
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wavelength  of  the  exciting  beam  from  570  to  600  nm  may  be  explained  by  e-lh  exciton 
absorption  or  by  the  peculiarities  of  quasi-one-dimensional  interband  absorption  [13].  It 
is  possible  to  estimate  the  e-hh  exciton  binding  energy  (200  meV)  if  the  latter  explanation 
is  fair.  This  value  corresponds  to  that  calculated,  using  data  in  Fig.  5. 

Conclusions 

Features  of  luminescence,  linear  and  nonlinear  absorption  spectra  of  semiconductor 
quantum  wires  imbedded  in  dielectric  nanotubes  have  been  interpreted  in  terms  of 
excitonic  transitions  and  their  saturation  (filling  of  phase  space  and  screening  of  excitons) 

Owing  to  the  effect  of  dielectric  enhancement,  a  considerable  increase  (exceeding  100 
meV)  of  the  exciton  binding  energy  has  been  observed  in  the  studied  samples.  The 
theoretical  estimates  of  exciton  transition  energies  in  quantum  wires  provide  a  fairly 
accurate  description  of  features  in  linear  absorption  and  luminescence  spectra. 

The  enhancement  of  both  the  binding  energy  and  the  oscillator  strength  of  excitons  in 
semiconductor-dielectric  quantum  wires  and  the  possibility  to  increase  the  strength  of 
Coulomb  interaction,  responsible  for  the  binding  of  electron-hole  pairs  to  excitons,  by 
combining  semiconductor  and  dielectric  materials  with  different  values  of  dielectric 
constants  open  new  possibilities  for  creation  of  excitonic  devices  operating  at  room 
temperature. 
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Wavelength,  nm 
Fig.  1 

The  absorption  spectra  of  GaAs  and  InP  QWRs  (T=300K). 

The  calculated  energies  of  exciton  transitions  of  QWRs  with  different 
diametres  are  shown  by  arrows. 
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Fig.  2 


The  absorption  and  differential  transmission  spectra 
of  CdSe  QWRs.  The  calculated  energies  of  exciton  transitions 
and  the  energy  gaps  of  the  bulk  CdSe  are  shown  by  arrows. 
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Luminescence,  arb.un.  Luminescence,  arb.un 


Wavelength,  nm 
Fig.  3 

The  photoluminescence  of  InP  QWRs  for  different  regions  of 
the  sample  (a-c)  and  for  chrysotile  asbestos  (d) 


Fig.  4 

The  photoluminescence  of  InP  QWRs  a)  T=s300K, 
b),  c)  the  luminescence  is  recorded  from  small  area  using 
microscope  at  different  temperatures:  T-300K  (b),  T=15K  (c). 
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Wire  radius,  A 
Fig.  5 

The  dependence  of  exciton  transition  energies  and  energy  gaps 
of  InP  QWRs  upon  the  wire  radius:  a)for  e-hh-exciton,  b)  e-hh-gap, 
c)  e-ih-exciton,  d)e-lh-gap 
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Time,  ps 
Fig.  6 

Time-resolved  luminescence  of  InP  QWRs  at  X=655  nm  (2K) 
and  X-660  nm  (300K) 


Wavelength,  nm 
Fig.  7 

The  photoluminescence  excitation  spectrum  of  InP  QWRs 
at  X=650  nm 


Electrochemical  Society  Proceedings  Volume  98-19 


Electrochemical  Society  Proceedings  Volume  98-19 


256 


Quantum  Dot  Structures 
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How  to  Describe  the  Electronic  Structure 
of  Semiconductor  Quantum  Dots 

Alex  Zunger 

National  Renewable  Energy  Laboratory,  Golden  Co  80401 


ABSTRACT 

I  describe  a  new  strategy  for  predicting  the  electronic  properties  of  zero-dimensional 
semiconductor  quantum  dots,  including  the  excitonic  spectrum.  This  methodology 
was  applied  recently  to  both  “free  standing”  (e.g.  colloidal)  and  t  semiconductor- 
embedded  (e.g.  self-assembled)  dots. 

1.  Experimental  advances  in  growth  and  characterization  of  semiconductor 
quantum  dots  call  for  theoretical  methods  capable  of  predicting  the  measured 
electronic  structure  as  a  function  of  the  shape  and  size  of  the  dot.  The  objectives  of 
such  an  endeavor  are  to  predict  (a)  the  single-particle  energy  levels  and  their 
confinement  energies,  (b)  the  electron-hole  Coulomb  and  exchange  energies,  (c)  the 
ensuing  two-particle  excitonic  spectrum  and  transition  probabilities,  (d)  the  energies 
needed  to  charge  quantum  dots  (“Coulomb  blocade”)  and  (e)  the  nature  of  the 
electronic  states  in  the  system  (e.g.  s,p,d...,  heavy  hole-like,  light-hole-like,  T-like  or 
X-like,  etc). 

2.  For  quantum-wells  and  superlattices  (that  are  confined  in  only  one 
dimension),  there  is  a  highly  successful  “standard  model”  for  addressing  the  above 
theoretical  requirements.  This  is  the  well-known  effective-mass-approximation 
(EMA)  k*p  method.  In  this  approach  the  wavefunctions  of  the  nanostructure  are 
expanded  in  terms  of  NB  Bloch  states  of  the  underlying  bulk  -periodic  solid.  This 
expansion  is  limited,  however,  only  to  Brillouin-zone  center  (“gamma”)  Bloch  states. 
If  NB  =  1  we  have  the  “single  band  EMA”  or  “particle  in  the  box”.  If  we  use  the  top 
of  the  valence  band  r,5V  state  to  expand  the  wavefunction  of  the  nanostructure  then 
NB  =  6  (due  to  3-fold  spatial  degeneracy  of  this  p-state,  times  the  2-fold  spin 
degeneracy).  This  approximation  is  called  “6x6  k*p”.  If  we  add  to  the  basis  the  bulk 
conduction  band  minimum  ric,  then  NB  =  8  and  the  approximation  is  called  “8x8 
k*p”.  For  quantum  wells  and  superlatteces,  the  “8x8  k*p”  model  has  provided  a  very 
good  account  of  the  electronic  structure,  using  input  (“Luttinger”)  parameters  drawn 
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from  the  band  structure  of  the  bulk-periodic  solid. 

3.  Quantum-dots  lack  translational  periodicity  in  all  3  spatial  directions,  so 
they  are  conceptually  more  removed  from  the  3D  bulk-periodic  crystal  than  are  the 
2D  periodic  quantum  wells.  Would  a  bulk-crystal-derived  formalism  such  as  the 
EMA  suffice  for  describing  quantum  dots?  Mathematically,  this  question  means  “how 
many  gamma-like  3D  periodic  bulk  Bloch  states  does  it  take  to  capture  the  essential 
features  of  the  wavefimctions  of  nD  periodic  nanostructure?”  (n=0  for  dots,  n=l  for 
wires). 


4.  Until  recently,  the  answer  to  the  above  question  was  unknown,  since  there 
wasn’t  any  method  capable  of  using  an  arbitrary  number  NB  of  bulk  basis  functions 
for  expressing  the  nanostructure  wavefimctions.  In  fact,  the  success  of  the  EMA  was 
examined  primarily  by  contrasting  its  predictions  directly  with  experiments.  This  is 
usually  an  eminently  reasonable  way  to  test  the  validity  of  any  theory.  However,  this 
is  not  the  case  if  one  uses  adjustable  parameters  to  fit  the  theory  to  experiment.  This 
was  often  done  in  application  of  the  EMA  to  quantum  dots.  Indeed,  often  the  EMA 
parameters  were  adjusted  to  fit  the  experiments  they  claim  to  explain  theoretically. 
For  example,  consider  k*p  calculations  on  CdSe  dots:  Norris  and  Bawendi  [1]  say, 
“We  use  standard  nonlinear  least-squares  method  to  globally  fit  the  experimental 
data.. .our  fitting  routine  adjusts  three  parameters:  the  Luttinger  band  parameters  y  1 
and  y2  and  the  potential  barrier  for  electrons.”  In  another  work,  Efros  et  al.  [2]  say, 
“The  position  of  the  quantum  size  levels  are  very  sensitive  to  the  valence  band  energy 
parameter;  those  used  for  calculation... give  the  best  description  of  the  CdSe 
microcrystal  absorption  spectra.”  Wind  et  al.  [3]  say,  “Fig.  1  shows  the  experimental 
values.. .the  lines  in  fig.  1  have  been  calculated  following  a  model  including  the  valence 
mixing... The  best  correspondence  could  be  obtained  [by]  choosing  a  Luttinger 
parameter  y  =  0.38...”  Since  in  such  cases  the  EMA  theory  is  explicitly  fit  to 
experiment,  it  cannot  examine  the  legitimacy  of  either  its  successes  or  its  failures.  In 
these  cases,  good  agreement  with  experiment  does  not  necessarily  imply  good  theory. 

5.  So  how  many  gamma-like  3D-periodic  bulk  states  are  needed  to  expand 
a  wavefunction  of  a  nanostructure?  The  answer  was  recently  given  by  Wood  et.  al 
[4-5]  for  AlAs/GaAs  (00 1 )  superiatteces  and  quantum  wells,  by  Wang  and  Zunger  [6] 
for  X-like  states  in  bulk  solids,  and  by  Fu,  Wang  and  Zunger  [7,8]  for  quantum  dots. 
These  authors  “projected”  the  pseudopotential-calculated  wavefimctions  of 
superiatteces,  quantum  wells  and  dots  onto  the  gamma-like  states  of  bulk-periodic 
solid,  finding  how  many  of  the  latter  are  needed  for  expanding  the  former.  The 
unpleasant  answer  is  that  a  reasonable  description  of  even  the  band  structure  away 
from  the  Brillouin  zone  center  requires  as  many  as  NB  =  30  gamma  bands,  (see  figures 
3  and  4  in  Ref.6),  while  small  quantum  dots  require  a  few  hundred  bulk  bands  for  a 
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quantitative  description. 

6.  So  what  happens  if  we  disregard  the  above  noted  “mathematical  warning” 
and  go  ahead  using  the  EMA  with  a  small  number  NB  of  bands?  Can  we  adjust  the 
many  parameters  and  still  get  away  with  this?  The  answer  is  that  one  can  not  do  this 
with  impunity.  For  example,  the  EMA  with  small  NB  can  even  misrepresent  the 
correct  physical  symmetry  of  the  nanostructure,  leading  to  qualitatively  incorrect 
predictions.  Here  are  a  few  examples: 

•  A  film  made  of  p  monolayers  of  zincblende  material  can  either  have  or  lack 
reflection  symmetry,  depending  on  whether  p  is  odd  or  even.  Consequently,  the 
energy  levels  of  thin  films  oscillate  [9]  with  the  film  thickness.  The  continuum-like 
EMA  does  not  recognize  reflection  symmetry  and  produces  a  monotonic  dependence 
of  the  film  energy  levels  on  the  film  thickness.  Pseudopotential  calculations  [9] 
produce  the  expected  odd-even  oscillations. 

•  A  spherical  dot  made  of  zincblende  material  (e.g.,  InP,  AlAs)  does  not  have 
spherical  symmetry.  Its  physical  Td  (tetrahedral)  symmetry  permits,  in  fact,  mixing  of 
s-like  with  p-like  character  in  the  wavefunctions.  [  10]  The  simple  EMA,  on  the  other 
hand  views  such  dots  as  spherical  with  “s-like”  or  “p-like”  states.  This  led  to  the 
expectation  [1 1 ,12]  that  single-photon  absorption  experiments  (“s-s”  or  “p-p”)  and 
two-photon  (“s-p”)  experiments  will  reveal  radically  different  spectra,  reflecting 
“different  level  symmetries”.  In  fact,  the  measured  single-photon  and  two-photon 
spectra  are  virtually  identical.  This  is  the  case  for  CuCl  [11],  CdSe  [12]  and  InP 
dots.  Analysis  [10]  of  the  real  wavefunctions  reveal  indeed  heavy  mixing  of  s  and  p 
character,  consistent  with  experiment. 

•  A  square-based  pyramidal  dot  made  of  zinc  blend  material  (e.s,  InAs)  does  not 
have  C4V  symmetry  [13].  Consequently,  the  two  in-plane  directions  [1 10]  and  [IlO] 
are  not  equivalent.  In  contrast,  the  EMA  k*p  views  the  square-based  pyramid  as  a 
classic  pyramid,  with  4-fold  rotation  symmetry.  Consequently,  the  polarization  ratio 
P[110]/P[I10]  for  the  lowest  electron-hole  transition  in  SK  dots  oflnAsis  ~1  ink*p. 
A  realistic  Pseudopotential  calculation  [14]  gives  a  ratio  of  1.3.  The  same  problem 
exists  in  (001)  superiatteces  that  lack  a  common  atom,  e.g.  [15]  InP/GaAs  or 
InAs/GaSb:  k*p  leads  to  a  polarization  ratio  of  1,  while  experiment  and  pseudo 
potential  calculation  give  a  “giant  polarization”. 

7.  Other  difficulties  when  using  the  EMA: 

•  Sometimes  quantum  dots  have  X-derived  or  L-derived  low-energy  states  that  are 
missed  by  the  T  based  EMA.  Examples  include:  (a)  Sufficiently  small  GaAs  dots, 
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wires  and  films  have  an  Xlc-like  conduction  band  minimum  [16, 17, 18]  (b)  The  second 
bound  electron  state  of  InP  dots  is  Llc-derived  [10]  (c)  Under  hydrostatic  pressure, 
InP  dots  [19]  and  GaAs-embedded-InAs  dots[20]  have  XiC-derived  conduction  band 
minium,  (d)  The  T-X  coupling  matrix  element  in  superlatteces  and  quantum 
dots[  19,20]  can  be  as  large  as  the  level  spacings. 

•  Real  surfaces  (e.g.  chemically-passivated,  or  reconstructed,  or  defects  at  surfaces) 
and  real  interfaces  (e.g.  coherently  strained  and/or  inter  diffused)  can  not  be  modeled 
by  the  EMA  that  is  inherently  “surfaceless”. 

•  In  strained  quantum  dots  (e.g.  InAs  embedded  in  GaAs)  the  electronic  levels  shift 
and  split  due  to  strain,  but  EMA-based  methods  describe  this  coupling  only  via  linear 
deformation  potentials.  Recent  calculations  [14]  have  shown  that  the  linear 
approximation  can  lead  to  errors  of  a  few  hundred  meV  for  strongly  strained  dots 
(e.g.  InAs/GaAs,  with  its  7%  strain). 

8.  Is  there  an  easy  way  out? 

One  could  add  more  basis  functions  to  the  conventional  k*p,  but  this  comes 
with  an  unpleasant  rapid  increase  in  mathematical  complexity  and  in  the  number  of 
fictitious  adjustable  parameters  that  are  not  “physical  observables”  which  could  be 
measured.  It  is  likely  that  the  inertia  of  the  EMA  for  quantum  dots,  propelled  by  its 
many  successes  in  higher-dimensional  nanostructures  (e.g.  quantum  wells)  and  its 
inherent  simplicity  and  adjustability,  will  continue  to  promote  its  widespread  use, 
especially  among  experimentalists,  as  proclaimed  in  this  meeting  by  Ray  Tsu. 
However,  there  is  a  possibility  of  moving  forward,  using  a  completely  different 
approach,  which  we  have  recently  developed  [21-27].  It  is  not  always  an  easy  way 
out,  but  it  overcomes  all  of  the  objections  we  have  raised  above,  it  provides  all 
physical  quantities  listed  in  paragraph  1 ,  and  can  be  applied  to  dots,  wires  and  films 
of  almost  any  semiconductor,  with  any  shape  or  strain  profile. 

9.  So  what  is  the  basic  idea? 

Molecules,  quantum  dots  and  solids  are  made  of  atoms  that  can  be 
characterized  by  approximately  transferable  atomic  pseudopotentials  va(r).  The  EMA 
does  not  recognize  atoms  or  potentials.  Instead,  it  describes  the  electronic  structure 
via  matrix  elements  over  Bloch  functions,  retaining  the  “coarse”,  or  “long- 
wavelength”  characteristics  of  the  molecule  or  dot,  thus  smoothing  over  its  “fine”,  or 
“atomistic”  structure.  Not  only  does  this  remove  sometimes  the  true  physical 
symmetry  of  the  molecule  or  dot,  but  it  also  results  in  a  large  number  of  parameters 
(=matrix  elements)  whose  magnitude  and  coupling  to  strain  are  difficult  to  determine 
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as  Nb-°°.  Instead,  we  will  treat  a  molecule,  dot  or  solid  as  a  linear  combination  of 
atomic  pseudopotentials  placed  spatially  where  atoms  are  located.  This  immediately 
gives  you  the  right  symmetry  of  the  object  at  hand,  including  the  opportunity  to  model 
its  surface  or  interface  with  atomic  detail.  Also,  since  such  molecular  potentials 
depend  on  the  atomic  positions  within  the  molecule,  and  since  “strain”  is  merely  a 
collection  of  (displaced)  atomic  positions,  this  approach  gives  you  in  a  natural  way 
the  full  coupling  of  strain  to  the  electronic  structure.  What  we  need  to  know  is  the 
screened  atomic  potential  for  each  atomic  type.  The  theory  of  construction  of 
screened  atomic  psudopotentials  that  correctly  reproduce  a  given  set  of  measured 
bulk  or  molecular  properties  and  ab-initio  calculated  wavefunction  is  described  in  refs 
[21,28]  and  will  not  be  discussed  here.  The  full  informational  content  of  the 
chemistry  of  our  problem  is  encoded  in  the  functions  Va(r)  for  each  atom  type  a. 

Once  we  have  constructed  the  molecular  potential,  we  place  each 
molecule/dot  in  a  fictitious  large  unit  cell  and  periodically  repeat  the  cell  so  as  to 
create  (artificial)  3D  periodicity.  When  studying  ‘free-standing”  (e.g.  colloidal)  dots 
we  surround  each  dot  in  a  unit  cell  by  a  chemical  passivation  layer,  followed  by  a 
thicker  layer  of  vacuum,  intended  to  separate  the  quantum  dots.  When  studying 
matrix-embedded  (e.g.  InAs-in-GaAs  “self  assembled”)  dots,  we  surround  each  dot 
in  a  unit  cell  by  its  (usually  strained)  matrix  material. 

Now  that  we  have  a  mathematically  translationally  periodic  Hamiltionian,  we 
can  find  its  eigen  solutions  by  employing  much  the  same  methods  used  in  ordinary 
“band  theory”.  We  can  expand  the  wavefunction  of  the  dot  as  a  linear  combination 
of  plane  waves[22-27],  or  as  a  Linear  Combination  of  Bloch  bands  (LCBB)[29].  The 
problem  is  that  a  dot  has  many  more  atoms  per  supercell  (103-106)  than  an  ordinary 
periodic  solid  (~10  atoms).  Thus,  the  size  of  the  Hamiltionian  matrix  for  a  dot  is  too 
large.  Fortunately,  however,  the  problem  can  be  drastically  simplified  by  realizing  that 
the  physics  of  quantum  dots  is  often  restricted  to  the  energy  levels  in  the  vicinity  of 
the  band  gap.  For  example,  a  dot  made  of  1000  Si  atoms  has  2000  occupied  valence 
levels  (assuming  s+3p  states  for  each  atom),  but  all  we  care  about  is  the  10-100 
highest  energy  valence  levels  (plus  a  similar  number  of  empty  conduction  states).  We 
have  invented  a  “Folded  Spectrum  Method”  [22,  26]  that  permits  us  to  find  eigen 
solutions  in  a  desired  “energy  window”,  without  wasting  computational  effort  on 
obtaining  the  remaining,  less  interesting  states.  Thus,  the  total  computational  effort 
rises  only  slowly  (in  fact,  linearly)  with  the  number  of  atoms  N  in  the  dot,  rather  than 
the  N3  scaling  in  common  band  structure  methods. 

Once  we  have  found  the  energy  levels  and  wavefunctions  in  the  vicinity  of  the 
HOMO  and  LUMO,  we  can  set-up  a  “configuration  interaction”  treatment  [30,31] 
for  describing  the  excitonic  spectra  beyond  “mean  field”  theory.  An  excitonic  state 
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is  formed  form  a  linear  combination  of  products  of  a  valence  orbital  times  a 
conduction  orbital.  The  expansion  coefficients  in  this  linear  combination  are  found 
by  seeking  a  variational  solution.  The  hamiltonian  matrix  of  this  problem  corresponds 
to  both  Coulomb  and  exchange  electron-hole  interactions  that  are  computed  explicitly 
from  the  orbitals.  Solving  the  variational  problem  gives  the  two-particle  excitonic 
levels  and  wavefunctions,  thus  the  excitonic  absorption  spectrum. 

10.  Summary  and  references  of  what  has  been  calculated  so  far  with  this 
method  for  free-standing  (colloidal)  dots: 

#  Band  gap  vs  size  for  Si  [26,32,33],  InP  [34],  CdSe  [35,36]  and  InAs  [37]  dots. 
The  size  scaling  R'm  has  m~  1-1.5  not  m=2  as  in  EM  A. 

#  Wavefunction  analysis  of  InP  dots,  showing  that  the  HOMO  is  s-like,  not  p-like 
as  predicted  by  the  EM  A  [8]. 

#  The  electron-hole  Coulomb  energies  [38]  of  Si,  InP  and  GaAs,  showing  that  the 
EMA  overestimates  them  by  up  to  40%.  The  size  scaling  R'n  has  n<l. 

#  The  electron-hole  exchange  energies  [30]  of  Si,  InP  and  CdSe  showing  that  an 
hitherto  neglected,  long-range  component  exists,  reflecting  monopole-interactions. 
The  size  scaling  R'p  has  p~2,  not  p=3  as  previously  assumed. 

#  The  full  excitonic  spectrum  of  CdSe  [36],  InP  [10]  and  InAs  [37]  dots. 

#  The  effect  of  imperfect  surface  passivation  (leading  to  cation  and  anion  “dangling 
bonds”)  on  the  electronic  structure,  including  the  appearance  of  localized  gap  states 
capable  of  trapping  carriers  [34]. 

#  Effects  of  pressure  on  direct-to-indirect  transitions  in  InP  dots  [19]. 

#  Effects  of  size  on  direct-to-indirect  transitions  in  GaAs  dots  [16,17]. 

11.  Summary  and  references  of  what  has  been  calculated  with  this  method  so 
far  for  embedded  (“self  assembled”)  quantum  dots: 

0  The  prediction  that  while  free-standing  InP  dots  have  a  direct  band  gap,  a  GaP- 
embedded  InP  dot  has  an  interface-localized  “indirect”  conduction  band  [39]. 

#  The  prediction  that  under  pressure,  the  GaAs-embedded  InAs  dot  will  also  have 
an  interface-localized  conduction  band  [20]. 
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•  The  prediction  [40]  that  a  set  of  nested  spheres  (“Russian  Doll”)  of 
GaAs/AlAs/GaAs/AlAs...  can  be  made  so  that  the  hole  wavefunction  is  localized  on 
the  central  GaAs  sphere,  while  the  electron  wavefunction  is  localized  on  an  external 
shell,  thus  affecting  charge-separation  on  the  same  material. 

#  The  electronic  structure  of  square-base  InAs  pyramid  embedded  in  a  GaAs  matrix, 
showing  [14,41 ,25]  (a)  splitting  of  the  electron  p  state  (b)  strong  in-plane  anisotropy 
of  the  lowest  excitonic  transition  (c)  that  as  many  as  5  confined  electron  levels  exist 
and  (d)  that  the  hole  states  are  so  heavily  intermixed  that  no  (s,  p,  d...)  nodal  structure 
remains.  All  of  these  predictions  are  surprising  in  light  of  previous  EMA  calculations. 
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ABSTRACT 


Small  lateral  quantum  dots  have  been  fabricated.  The 
number  of  electrons  in  these  dots  was  varied  from  5  to  20  by 
the  application  of  voltages  to  a  series  of  electrostatic  gates. 
Both  ground  state  and  excitation  level  spectroscopy  were 
performed  using  single  electron  techniques.  Measurements 
were  made  as  a  function  of  magnetic  field.  In  this  paper  a  brief 
description  is  given  of  some  of  the  effects  which  have  been 
observed  in  these  dots. 


INTRODUCTION 

Quantum  dots  have  often  been  compared  to  artificial  atoms,  in  which  the 
nucleus  of  the  atom  is  replaced  by  the  quantum  dot  confining  potential.  The 
properties  of  each  quantum  dot  element  are  governed  by  several  factors 
including  the  exchange,  Coulomb,  Zeeman  and  kinetic  energies.  The 
application  of  a  magnetic  field  alters  the  relative  strength  of  these  energies 
and  leads  to  a  variety  of  interesting  phenomena  such  as  spin  flips[l,2]  and  a 
predicted  density  reconstruction^]  of  the  spin  polarized  quantum  dot  at  high 
magnetic  fields.  Single  electron  transport  spectroscopy,  developed  originally 
for  larger  lateral  electrostatically  defined  quantum  dots  enables 
spectroscopic  measurements  to  be  performed  on  single  quantum  dots.  Both 
ground  state  [4]  and  excitation  level  [5]  transport  spectroscopic  techniques 
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have  been  developed.  Although  originally  developed  for  lateral  dots  the 
same  techniques  have  recently  been  applied  with  great  success  to  gated 
vertically  etched  dots[6]  in  the  few  electron  limit.  Capacitance 
spectroscopy [7]  has  also  been  performed  on  vertical  dots.  Intrinsic  features 
of  lateral  dots  had,  however,  always  restricted  them  to  the  many  electron 
regime  (typically  50  to  100  electrons).  Lateral  dots  defined  electrostatically 
in  a  two  dimensional  electron  gas  (2DEG)  have  potentially  very  useful 
features  for  these  type  of  spectroscopic  measurements.  Firstly,  the  source 
and  drain  reservoirs  to  the  dots  consist  of  the  well  understood  and  behaved 
2DEG  material.  For  example  we  have  found  that  at  even  moderate  magnetic 
fields  edge  state  transport  in  the  2DEG  results  in  the  injection  of  only  spin 
down  electrons  allowing  us  to  differentiate  between  spin  down  and  spin  up 
tunneling  events.  In  addition  since  the  electrons  enter  and  exit  the  dot  at  the 
edge  additional  spatial  spectroscopic  information  can  be  obtained.  The 
major  disadvantage  of  lateral  dots  is  that  the  dots  cannot  be  completely 
emptied  so  that  techniques  need  to  be  developed  to  identify  the  number  of 
electrons  in  the  dot.  We  demonstrate  below  that  this  counting  problem  can 
be  overcome  in  our  dots.  It  was  clear  that  the  fabrication  of  few  electron 
quantum  dots  was  desirable. 

Recently  we  have  overcome  the  limitations  [8]  mentioned  above  and 
have  managed  to  fabricate  lateral  quantum  dots  which  contained  as  few  as  5 
electrons.  The  inset  in  figure  1  shows  one  such  design.  The  dot  comprises  of 
four  electrostatic  gates  which  form  an  approximate  equilateral  triangle. 
Three  of  the  gates  are  used  to  define  entrance  and  exit  tunneling  barriers 
while  the  fourth  at  the  apex  of  the  triangle  is  used  as  a  plunger  gate  to  vary 
number  of  electrons  in  the  dot.  The  gates  are  placed  above  a  high  mobility 
2DEG  in  a  AlGaAs/GaAs  heterstructure.  Although  the  density  of  the  bulk 
2DEG  was  1.7  x  10 15  m'2  we  were  able  to  ascertain  that  the  density  in  our 
dots  was  be  below  0.67  x  1015  m'2.  This  conclusion  was  reached  from  an 
analysis  of  the  well  understood  ballistic  magnetic  focusing  features  observed 
on  a  larger  square  quantum  dot  [9]  defined  on  material  from  the  same 
wafer[ref]. 

Figure  1  is  a  greyscale  showing  the  low  field  behavior  (gate  voltage 
position)  of  four  of  the  peaks  observed  in  one  of  the  dots  we  have  measured 
from  zero  field  (B=0)  to  the  magnetic  field  at  which  the  first  spin  flip  occurs. 
The  trace  covers  the  regime  from  13  electrons  to  17  electrons.  The  peaks 
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correspond  to  the  gate  voltages  at  which  the  electron  number  in  the  dot 
changes  by  one  (i.e.  these  are  the  Coulomb  blockade  peaks).  In  this 
particular  dot  the  lowest  number  of  electrons  achieved  at  zero  field  was  8. 
Several  spectroscopic  features  can  be  seen  in  the  Fig.  1..  The  same  features 
were  also  observed  for  other  traces  containing  different  peaks  corresponding 
to  different  electron  numbers.  Each  peak  has  several  sharp  features  at  low 
magnetic  fields  which  are  due  to  level  crossings.  It  is  important  to  note  here 
that  the  peaks  correspond  to  a  dot  with  a  fixed  number  of  electrons  and 
levels.  This  is  confirmed  by  looking  at  peaks  1  and  2  which  move  out  of 
phase  at  low  fields.  While  these  peaks  move  out  of  phase  peaks  2  and  3 
move  in  phase.  In  fact  at  very  low  fields  we  find  that  pairs  of  peaks  have 
similar  magnetic  field  trends  (e.g.  peaks  2  and  3  in  the  figure).  This  is  a 
consequence  of  the  fact  that  at  zero  magnetic  field  there  exists  a  level 
degeneracy  due  to  the  spin  quantum  number.  At  the  feature  marked  (a)  in 
peaks  3  and  4  a  clear  departure  from  the  parallel  behavior  of  peaks  2  and  3 
can  be  seen.  This  is  related  to  the  effect  of  coulomb  and  exchange 
interactions  on  the  ground  state  level  spectrum.  This  effect,  similar  to  the 
Hund’s  rule  effect  at  zero  magnetic  field,  has  also  been  observed  in  vertical 
dots  [10].  The  arrows  in  figure  1  refer  to  the  onset  of  v  =  2  i.e.  the  spin 
unpolarized  droplet.  At  the  onset  of  v  =  2  for  peaks  1  and  3  there  is  a  sharp 
rise  in  the  peak  position  followed  by  a  steep  slope  downwards  to  the  first 
spin  flip  regime.  For  peaks  2  and  4,  however,  there  is  a  small  rise  followed 
by  a  shallow  slope.  The  same  behavior  is  observed  on  different  dots.  We 
believe  that  this  behavior  is  related  to  the  difference  at  v  =  2  between  dots 
with  an  even  number  of  electrons  which  are  totally  spin  unpolarized  and 
those  dots  with  an  odd  number  of  electrons  which  always  have  one  spin  left 
over.  More  details  of  this  will  be  published  elsewhere.  Figure  1  also  reveals 
amplitude  modulation  which  is  related  to  the  spatial  sensitivity  of  single 
electron  tunneling  in  lateral  dot  measurements.  The  amplitude  modulation 
occurs  primarily  at  the  sharp  features  in  the  data  which  correspond  to  ground 
state  level  crossings,  i.e.  the  amplitude  modulation  contains  information 
about  the  spatial  arrangement  of  the  wavefimctions  of  the  different  levels.  It 
is  important  to  note,  however,  that  this  technique  measures  addition  energies 
and  not  individual  levels.  This  behavior  is  currently  being  investigated  in 
more  detail. 
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We  are  able  to  identify  the  number  of  electrons  in  the  dot  by  counting 
the  number  of  spin  flips  between  the  spin  unpolarized  droplet  at  v  =2  and  the 
spin  polarized  droplet  at  v  =  1 .  The  number  of  electrons  is  equal  to  twice  the 
number  of  spin  flips.  This  appears  not  to  be  possible  in  vertical  dots  because 
spin  flips  are  not  as  clear  in  that  geometry  [1 1].  To  illustrate  just  how  clear 
the  spin  flips  are  in  our  lateral  dots  we  plot  in  figure  2  the  position  of  six 
peaks  in  between  v  =  2  and  v  =  1  for  a  second  dot.  Each  'step'  in  the  peak 
position  is  due  to  a  'spin-flip'  process.  The  amplitude  drops  during  the 
upward  part  of  each  step.  As  one  moves  down  the  figure  one  spin-flip  event 
is  lost  for  every  two  traces  confirming  that  these  are  indeed  the  spin  flip 
events.  Based  on  this  electron  number  allocation,  it  was  found  that  the  lower 
field  spectrum  for  the  dot  in  figure  1  was  similar  to  that  obtained  for  vertical 
dots  (nb.  the  comparison  was  made  for  dots  containing  between  13  and  19 
electrons).  This  is  quite  surprising  since  the  electrons  in  these  two  types  of 
dots  are  in  quite  different  environments.  From  a  careful  temperature 
dependence  analysis  of  the  spin  flip  regime  and  a  comparison  with  exact 
diagonalization  calculations  we  were  able  to  show  that  these  spin  flips  are 
complex  events  and  that  even  Hartree-Fock  calculations  were  incapable  of 
explaining  the  data.  Correlations  were  found  to  be  crucial  in  explaining  the 
results[2].  A  simplified  picture  for  the  spin  flip  process  is  the  following..  In 
our  experiments  we  were  able  to  distinguish  between  spin  up  (low 
amplitude)  and  spin  down  (high  amplitude)  tunneling  events  for  two 
reasons;  firstly  we  were  only  injecting  spin  down  electrons  from  a  spin 
resolved  edge  state  in  the  bulk  2DEG  and  secondly  close  to  v  =1  the  spin  up 
electrons  were  located  near  the  center  of  the  dot  but  far  from  the  tunneling 
barriers.  A  spin  flip  involves  the  removal  of  a  spin  up  electron  near  the 
center  of  the  dot  and  its  placement  near  the  edge  of  the  dot  as  a  spin  down 
electron.  This  process  lowers  the  exchange  and  coulomb  energies.  On  the 
way  to  the  edge,  however,  the  spin  up  electron  depolarises  the  dot  by 
flipping  some  of  the  spin  down  electrons.  The  resulting  low  lying  spin 
texture  (or  quantum  dot  skyrmion)  excitations  explain  why  the  observed 
amplitude  modulation  at  the  spin  flips  was  only  a  very  low  temperature 
effect. 


The  last  spin  flip  is  not,  however,  the  end  of  the  structure  in  the  traces 
of  the  peak  position  of  the  individual  levels  in  the  dot.  The  dot  continues  to 
shrink  as  the  magnetic  field  is  raised.  This  increases  the  coulomb  energy.  At 
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some  point  the  dot  reconstructs  either  through  a  density  reconstruction  or 
through  a  spin  texture.  There  have  been  several  observations  of  structure 
beyond  v  =  1  which  has  been  linked  to  such  processes  [7,1,12].  In  figure  3 
we  plot  the  peak  position  at  fields  beyond  v  =1  in  our  lateral  dots.  Additional 
structure  is  observed  on  every  peak.  It  is  found  to  have  a  much  smaller  field 
dependence  on  electron  number  than  the  spin  flips.  The  structures  persist  to 
much  higher  temperatures  than  the  spin  flips.  We  are  currently  investigating 
this  regime  in  more  detail. 

We  are  also  able  to  perform  excitation  level  spectroscopy  on  the  dot  at 
different  magnetic  fields.  Some  examples  are  given  in  figure  4.  More  details 
of  all  these  regimes  will  be  given  elsewhere.  Figure  4(a)  shows  three  peaks 
at  an  excitation  of  650|liV  at  v  =  2.  The  peak  asymmetry  is  independent  of 
the  direction  of  applied  gate  voltage.  A  comparison  with  calculations 
performed  using  exact  diagonalization  technique  reveal  that  the  origin  of  the 
periodic  structure  on  the  peaks  are  collective  charge  edge  excitations.  The 
peak  amplitude  asymmetry  is  also  reproduced  in  the  calculations  and  is  due 
to  an  intrinsic  electron  hole  asymmetry  in  lateral  devices  in  which  it  is  easier 
to  add  electrons  to  an  edge  than  to  remove  them  from  the  center  of  the  dot. 
Figure  4(b)  shows  some  traces  taken  at  500pV  at  a  spin  flip  event.  Such 
behavior  is  reproduced  at  other  spin  flips.  Again  an  asymmetry  can  be  seen 
in  the  behavior  at  the  two  edges  of  the  dot.  In  this  case  the  behavior  is 
closely  related  to  the  spin  textures  mentioned  above  and  will  be  described  in 
detail  elsewhere.  Finally  in  figure  4(c)  we  plot  a  trace  at  500jnV  through  a 
step  in  the  reconstruction.  The  width  of  the  peak  under  such  circumstances  is 
related  to  a  parameter,  a,  linking  the  applied  plunger  gate  voltage  to  the 
energy  scale.  If  the  dot  reconstructs  then  one  might  expect  a  sudden  change 
in  this  parameter.  In  our  case,  in  contrast  to  what  is  observed  in  vertical  dots 
[12]  we  have  not  observed  dramatic  changes  in  the  width  of  the  peak  at  the 
step.  An  analysis  of  Coulomb  diamonds  before  and  after  the  first  step  in  the 
reconstruction  yields  a  change  in  area  of  the  dot  of  about  7%  for  dots 
containing  10  electrons,  in  reasonable  agreement  with  the  1/N  behavior 
expected  based  on  a  single  empty  orbital  reconstruction. 

In  summary  we  have  fabricated  the  first  few  lateral  electron  dots.  We 
are  able  to  deduce  the  number  of  electrons  by  both  counting  the  number  of 
spin  flips  between  v  =  1  and  v  =  2  and  by  comparing  the  low  magnetic  field 
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spectrum  with  published  data  from  vertical  dots.  We  have  performed  both 
ground  state  and  excitation  level  spectroscopy  in  a  variety  of  magnetic  field 
regimes.  We  have  observed  a  variety  of  correlation  phenomena  by  making 
use  of  the  spatial  information  that  is  unique  to  lateral  devices. 
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Figure  1:  The  position  of  four  Coulomb  blockade  peaks  as  a  function  of 
magnetic  field.  The  numbers  (1  to  4)  refer  to  the  peak  label  in  the  text  The 
numbers  between  peaks  (13  through  17)  refer  to  the  number  of  electrons  in 
the  dot.  The  feature  ’a’  is  explained  in  the  text.  The  arrows  correspond  to  the 
transition  to  v  =2.  The  inset  illustrates  one  design  of  dot  used. 
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Figure  2:  The  peak  position  of  five  peaks  in  the  spin  flip  regime.  The  peaks 
have  been  shifted  for  clarity.  The  arrows  illustrate  the  spin  flip  positions. 
The  graph  illustrates  how  the  number  of  spin  flips  changes  by  1  every  2 
levels  as  expected.  Around  1.75T  the  field  trend  is  different  for  even  and 
odd  numbers  of  electrons. 
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Figure  3:  The  peak  position  of  four  peaks  at  magnetic  fields  higher 

than  the  last  spin  flip.  The  reconstruction  step  and  features  are  visible  (see 

text  for  details) 
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Figure  4:  Examples  of  excitation  spectroscopy,  (a)  at  v  =2 

(b)  at  a  spin  flip  and  (c)  at  a  reconstruction  step  (nb.  the  absolute  value 

of  the  derivative  is  being  plotted  -  the  arrows  illustrate  the  width  of  the 

peak) 
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ABSTRACT 

Photoluminescence  spectroscopy  of  single  CdSe  nanocrystallite 
quantum  dots  reveals  the  atomic-like  nature  of  the  emitting  state  by 
removing  inhomogeneous  broadening.  However,  spectral  diffusion  is 
found  to  be  a  dynamic  source  of  spectral  line-broadening.  We  investigate 
the  origins  of  spectral  diffusion  and  conclude  that  changing  local  electric 
fields  produce  a  Stark  effect  that  results  in  these  spectral  shifts. 


INTRODUCTION 

Through  advancements  in  the  colloidal  synthesis  of  quantum  dots  (QD)  [1], 
tunable  size  dependent  optical  features  predicted  by  theory  [2]  have  been  realized.  CdSe 
QDs,  with  diameters  ranging  from  10  ~100  A  [1],  have  a  band  gap  that  spans  the  visible 
range  of  light;  hence,  CdSe  is  an  ideal  system  for  studying  optical  quantum  confinement 
effects.  Furthermore,  the  photostability  of  these  dots  (overcoated  with  a  ZnS  shell)  in  a 
multitude  of  environments  opens  the  door  to  engineering  applications  for  CdSe  QDs. 
Applications  in  light  emitting  displays,  lasers,  optical  modulators,  optical  data  storage, 
and  biological  tagging  become  possible  because  these  QDs  can  be  dispersed  in  a  variety 
of  polymers,  incorporated  in  other  semiconductor  thin  films  [3],  dissolved  in  a  number 
of  organic  and  aqueous  solvents,  and  assembled  into  three-dimensional  arrays  of 
quantum  dots  [4]. 

Ensemble  studies  into  the  photophysics  of  QDs,  however,  are  limited  by 
inhomogeneities  in  the  structure  and  environments  of  a  given  sample;  often,  details  of 
spectra  are  lost  due  to  ensemble  averaging  over  the  distribution  of  energy  levels.  Even 
size-selective  procedures  like  fluorescence  line  narrowing  (FLN)  have  been  unable  to 
realize  the  narrow  line  widths  predicted  by  theory  [5].  , 

We  present  recent  results  of  single  CdSe  nanocrystallite  QD  spectroscopy,  using 
epi-fluorescence  microscopy  techniques  similar  to  single  molecule  spectroscopy.  Using 
single  QD  spectroscopy,  the  ensemble  averaging  due  to  the  distribution  of  dot  size  and 
shape  are  eliminated,  revealing  new  information  about  CdSe  QD  fluorescence. 
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EXPERIMENT 


Sample  Preparation 

The  CdSe  QDs  were  synthesized  using  the  methods  of  ref  [2]  and  later 
overcoated  with  a  ZnS  layer  [6,7] .  The  ZnS  is  nearly  epitaxial  and  an  increase  in  the 
room  temperature  quantum  yield  is  observed.  The  nanocrystallites  were  diluted  in 
hexane  and  spin  cast  in  a  200  A  layer  of  poly(methyl  methacrylate)  on  a  crystalline 
quartz  substrate.  In  the  Stark  experiments,  electric  fields  were  applied  within  the 
sample  plane  using  interdigitated  electrodes  with  5  pm  spacings  that  were 
lithographically  fabricated  on  the  crystalline  quartz  substrates. 

Imaging  and  Spectral  Analysis 

Single  QD  images  and  spectra  were  taken  with  a  far-field  epi-fluorescence 
imaging  microscope.  The  details  of  the  setup  are  discussed  in  ref  [8].  A  5 14  nm  Ar+ 
excitation  source  was  used  for  all  the  images  and  spectra  described  here.  As  an 
advantage  of  epi-fluorescence  microscopy  over  confocal  microscopy,  we  can  acquire 
data  in  parallel  from  multiple  dots  simultaneously.  For  the  Stark  experiments,  the 
electrodes  were  connected  to  a  DC  voltage  source  to  apply  the  electric  fields  across  the 
dots. 


RESULTS 

A  typical  image  of  nanocrystallites  at  10  K  and  the  same  dots  spectrally  resolved  are 
shown  in  figure  (la)  and  (lb),  respectively.  Each  bright  spot  in  the  image  mode 
represents  a  single  QD;  the  dots  are  dispersed  at  <1  dot/pm2,  well  above  the  resolution 
limit  of  the  far-field  optics.  On  the  time  scale  of  a  single  image  (0.5  s),  the  fluorescence 
from  individual  dots  is  often  seen  to  blink  on  and  off,  a  feature  termed  fluorescence 
intermittency  [9].  The  blinking  pattern  varies  from  dot  to  dot  and  is  highly  dependent 
on  the  excitation  intensity.  This  binary  fluorescent  blinking  is  strong  evidence  that  the 
individual  spots  are  single  nanocrystallites;  otherwise,  incoherent  blinking  of  multiple 
dots  would  result  in  a  stepwise  or  continuous  dimming  of  the  emission. 

Figure  (lc)  shows  a  comparison  between  a  representative  sample  of  single  dot 
spectra  and  the  corresponding  ensemble  spectrum  from  the  same  sample.  All  single  dot 
spectra  show  similar  spectral  characteristics  including  narrow  peaks  and  a  longitudinal 
optical  (LO)  phonon  progression  with  peak  spacing  comparable  to  the  bulk  LO  phonon 
frequency.  Differences  in  phonon  coupling  are  seen  amongst  the  dots  with  an  average 
value  equal  to  the  ensemble-measured  FLN  value.  As  expected,  the  ensemble  emission 
spectrum  is  reproduced  after  convoluting  the  average  single  dot  spectrum  with  the 
distribution  of  zero-phonon  energies  measured  in  the  sample  [Figure  (Id)].  The  fit  of 
the  single  dot  data  to  the  ensemble  measured  data  attests  that  what  is  measured  on  the 
single  QD  level  is  representative  of  the  ensemble  distribution. 
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FIG.  1.  (a)  Typical  image  of  CdSe  dots  at  10  K  with  a  0.5  sec  integration  time  and  150  W/cm2  excitation 
intensity,  (b)  Spectrally  dispersed  image  of  nanocrystallites  shown  within  dotted  lines  in  (a),  (c) 
Ensemble  spectrum  with  a  representative  set  of  single  dot  spectra  obtained  from  the  same  50  A  diameter 
sample,  (d)  Ensemble  spectrum  with  histogram  of  energies  of  513  single  dot  spectra  obtained  from  the 
same  43  A  diameter  sample. 


While  narrower  than  FLN  spectra,  the  single  dot  luminescence  appears  to  be 
broadened  by  spectral  diffusion  (a  random  shifting  of  the  emission  energy  with  time). 
Figure  (2)  shows  such  an  example.  The  single  dot  spectrum  taken  with  a  10  second 
integration  time  shown  in  figure  (2a)  appears  much  different  than  the  0.1  second  single 
dot  spectra  shown  in  figure  (2b).  The  line  width  and  the  spectral  energy  are  very 
different  in  figures  (2a)  and  (2b).  In  figure  (2b),  the  single  dot  zero  phonon  line  (ZPL) 
peak  is  shifting  in  time  while  the  figure  (2a)  spectrum  takes  the  time-averaged  ZPL 
peak.  Hence,  the  time  scale  of  the  shifting  with  respect  to  the  integration  time 
determines  the  final  line  shape  and  spectral  position.  Moreover,  the  time  scale  of  a 
spectral  shift  is  sometimes  faster  than  0.1  seconds  and  multiple  peaks  are  observed,  as 
in  spectrum  6  of  figure  (2b). 

To  verify  that  the  time  averaged  spectrum  incorporates  the  individual  ZPL  peaks 
shifting,  figure  (2c)  shows  a  histogram  of  150  consecutive  ZPL  peak  positions  for  the 
single  dot  in  (a)  with  a  0.1  sec  integration  time.  The  comparison  between  figure  (2a) 
and  (2c)  clearly  shows  distinct  similarities. 

Although  line  widths  that  depend  on  integration  time  have  been  reported  in 
single  molecule  spectroscopy  [10],  observing  spectral  diffusion  in  single  quantum  dots 
was  somewhat  of  a  surprise.  Single  molecule  electronic  states  are  very  sensitive  to  the 
environment  of  the  molecule,  but  QDs  should  have  little  interaction  with  the 
environment  due  to  the  enclosure  of  the  exciton  within  the  nanocrystal.  In  addition,  the 
energies  of  the  delocalized  exciton  in  CdSe  nanocrystallites  appear  insensitive 
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FIG.  2.  (a)  Single  dot  spectrum 
taken  with  10  sec  integration  time, 
(b)  Six  single  dot  spectra  from  the 
same  QD  as  in  (a)  taken  with  0.1 
sec  integration  time,  (c) 
Histogram  of  150  consecutive 
single  dot  ZPL  peaks  taken  with 
0.1  sec  integration  time. 
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to  the  chemical  nature  of  the  nanocrystallite  surface  [1 1].  As  such,  the  perturbing  force 
required  to  produce  the  observed  spectral  shifts  must  be  quite  large.  Upon  closer 
examination  of  spectral  diffusion,  we  found  that  the  spedtral  characteristics  are  similar 
to  those  observed  in  ensemble  Stark  experiments  [12]:  the  phonon  coupling  increases 
and  the  band  edge  fluorescence  intensity  decreases  as  the  ZPL  shifts  to  the  red.  To 
further  investigate  the  correlation  between  spectral  diffusion  and  Stark  shifts,  single 
QDs  were  studied  in  the  presence  of  an  applied  electric  field  [13].  Figure  (4a)  and  (4b) 
show  a  comparison  between  two  spectra  where  the  shifts  in  emission  are  due 
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FIG.  4.  Stark  shift  versus 
spectral  diffusion,  (a)  Eight 
sequential  1  min  emission 
spectra  of  a  single  QD 
shifting  as  a  result  of 
spontaneous  spectral 
diffusion  in  the  absence  of  an 
applied  electric  field.  Frames 
indicate  a  magnification  of 
the  y-axis  in  each  spectrum 
(b)  Stark  series  for  a  single 
QD.  Frames  indicate  applied 
field  in  kilovolts  per 
centimeter. 
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to  spectral  diffusion  and  externally  applied  fields,  respectively.  The  similarities,  not 
only  in  the  ZPL  shifting,  but  also  in  the  changes  in  phonon  coupling  suggest  that 
spectral  diffusion  is  an  extrinsic  effect  caused  by  changing  local  electric  fields.  Such 
high  fields  would  be  consistent  with  free  carriers  residing  near  the  surface  of  the  QD. 

In  addition,  Stark  spectroscopy  analysis  determined  that  the  CdSe  QD  lowest  excited 
state  is  highly  polarizable  (~  105  A3)  with  a  dynamic  dipolar  character  induced  by 
changing  local  electric  fields.  As  an  example  of  the  dynamic  nature  of  this  induced 
dipole,  figure  (5)  shows  a  stark  series  of  the  same  QD  before  (a)  and  after  (b)  a  spectral 
diffusion  shift.  Although  the  polarizability  does  not  change,  the  induced  dipole  changes 
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FIG.  5.  Stark  shift  of  a  single  ZnS  overcoated  QD  emission  spectrum  (a)  before  spectral  diffusion  and  (b) 
after  spectral  diffusion.  The  line  indicates  a  fit  to  the  sum  of  a  linear  and  quadratic  shift  as  a  function  of 
field,  p  and  a  refer  to  the  measured  excited  state  dipole  and  polarizibility  respectively. 
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by  more  than  a  factor  of  2.  This  is  consistent  with  the  conclusion  that  spectral  diffusion 
is  the  result  of  changing  local  electric  fields. 

CONCLUSION 

Although  single  nanocrystallite  spectroscopy  has  shown  that  by  removing 
spectral  inhomegeneities,  narrow  line  widths  are  observable  for  CdSe  QDs,  light-driven 
spectral  diffusion  was  found  to  introduce  a  dynamic  source  of  line  broadening.  For 
CdSe  QDs,  changing  local  electric  fields  appear  to  be  the  cause  of  spectral  diffusion  by 
creating  Stark  shifts  in  single  QD  spectra. 
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ABSTRACT 

Carrier  relaxation  times  in  a  series  of  thermal  annealed  self-assembled 
InGaAs/GaAs  quantum  dots  have  been  measured  by  means  of  time- 
resolved  photoluminescence  experiments.  Further  investigation  on  the 
nature  of  the  relaxation  mechanisms  has  been  conducted  by  looking  at  the 
temperature  and  excitation  density  dependence  of  the  luminescence  rise 
times  of  the  quantum  dot  ground  state  transitions.  Different  mechanisms 
are  involved  in  the  as-grown  and  the  intermixed  samples  according  to  the 
comparison  of  their  intersublevel  energy  spacing  with  respect  to  the 
phonon  energy.  Auger  type  processes  are  dominant  in  our  as-grown  sample 
whereas  multiphonon  processes  play  an  increasing  role  with  greater 
compositional  interdiffusion. 


INTRODUCTION 

Recent  experimental  studies  have  shown  that  quantum  dots  (QDs)  intermixing  can  be 
used  to  blue-shift  the  photoluminescence  transitions  [1]  and  to  tune  the  intersublevel 
energy  spacing  [2].  Based  on  theoretical  works  [3,  4],  this  is  expected  to  change 
drastically  the  carrier  relaxation  time  since  scattering  rates  with  single  LO-phonon  and 
multiphonon  depend  critically  on  this  energy  spacing.  A  recent  experimental  work 
showed  some  evidence  that  carrier  capture  and  relaxation  in  QDs  is  more  efficient  in 
intermixed  samples  [5].  This  result  is  not  consistent  with  the  expected  level  spacing 
dependence  of  the  single  LO-phonon  scattering  rate.  However,  mechanisms  like  Auger- 
type  processes  [6,  7]  or  defect-assisted  phonon  emission  [8]  may  well  explain  this 
increased  carrier  relaxation  efficiency.  On  the  other  hand,  time-resolved  experiments 
done  by  Ohnesorge  et  ai.  [9]  on  smaller  QDs  indicate  that  multiphonon  processes  are 
the  dominant  relaxation  mechanisms  at  low  excitation  densities  while  Auger  processes 
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become  dominant  at  high  carrier  densities.  More  experimental  results  have  to  be 
obtained  in  order  to  understand  the  influence  of  both  the  QD  structures  and  the 
experimental  conditions  on  the  carrier  relaxation  time.  In  this  work,  we  report  on  a 
systematic  study  of  the  PL  rise  time  of  the  QD  ground  state  optical  transition  as  a 
function  of  the  thermal  annealing  time  (which  control  the  intersublevel  spacing),  the 
excitation  density  and  the  temperature. 


EXPERIMENT 

The  sample  structure  consists  of  a  four-layer  stack  of  buried  self-assembled 
Ino.6Gao.4As/GaAs  quantum  dots  grown  by  MOCVD  under  optimized  conditions  [1], 
The  QD  layers  are  separated  by  50nm  GaAs  barriers.  All  layers  were  grown  at  550  °C 
on  (100)  GaAs  substrate.  The  as-grown  sample  contains  a  concentration  of  3.6  x 
10,0/cm2  InGaAs  QD  with  29.5  nm  average  diameter.  Post-growth  rapid  thermal 
annealing  (RTA)  of  samples  was  carried  out  using  a  Si02  capping  layer,  under  a 
nitrogen  ambient,  at  900  °C  for  various  times  ranging  from  (lx)  30  s  to  (5x)  30  s. 

The  photoluminescence  (PL)  spectra  were  obtained  using  the  514  nm  continuous- wave 
(cw)  output  of  an  ion  Argon  laser  for  excitation  and  a  cooled  Ge  detector  or  GaAs 
photomultiplier  tube  for  signal  detection.  The  time-resolved  (TR)  measurements  were 
obtained  using  a  Tiisapphire  laser  (100  fs,  82  MHz)  as  the  excitation  source.  For  these 
experiments  the  excitation  energy  has  to  be  tuned  above  (1.675  eV),  in  resonance 
(1.517  eV)  or  below  (1.442  eV)  the  GaAs  bandgap.  An  up-conversion  detection 
technique  with  sub-picosecond  resolution  and  a  GaAs  photomultiplier  tube  were  used 
for  the  TRPL  measurements. 


RESULTS  AND  DISCUSSION 

Rapid  thermal  annealing  induces  compositional  disordering  at  the  barrier/dot  interface 
which  results  in  large  blue-shifts  of  the  PL  transitions  and  a  significant  linewidth 
reduction  as  illustrated  in  Fig.  1  [1-2].  As  observed  previously  [11],  the  broad  Gaussian 
shape  of  the  QD  luminescence  peak  corresponds  to  an  ensemble  of  sharp  single-dot 
lines  where  QDs  have  slightly  different  sizes.  The  blue-shift  of  the  QD  emission  line 
increases  gradually  as  a  function  of  annealing  time  from  1.225  eV  (as-grown  sample) 
up  to  1.417  eV  (annealed  sample  for  5  x  30  s).  This  large  energy  shift  (192  meV)  shows 
the  efficiency  of  the  intermixing  process.  Simultaneously  a  significant  linewidth 
reduction  of  the  QD  luminescence  is  observed  from  68  meV  (as-grown  sample)  to  37 
meV  (annealed  sample  for  5  x  30  s).  This  behavior  appears  to  be  general  and  it  is 
observed  to  varying  extents  in  different  types  of  IH-V  quantum  dots  [10].  The  reasons 
for  this  inhomogeneous  line  narrowing  are  still  under  study. 
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The  time-resolved  photoluminescence  spectra  shown  in  Figure  2  give  similar 
information  of  the  energy  position  of  the  QD  levels.  However  under  high  laser  pulsed- 
excitation  density  (>  5  W/cm2),  the  number  of  carriers  occupying  the  excited  QD  levels 
is  high  enough  to  see,  for  the  as-grown  sample,  the  individual  optical  transitions 
associated  with  these  levels  (n  =  1, 2  and  3)  together  with  the  emission  coming  from  the 
GaAs  barriers  (at  1.515  eV).  The  absence  of  the  wetting  layer  peak  (very  thin  quantum 
well  from  which  the  QDs  are  formed)  suggests  that  carrier  capture  by  the  QDs  is  very 
efficient  under  our  experimental  conditions.  This  result  is  somehow  expected  because 
the  QD  surface  coverage  is  very  high  in  our  samples.  Hence  the  average  interdot 
spacing  is  smaller  than  the  carrier  diffusion  length  in  the  wetting  layer,  so  there  is  no 
recombination  from  wetting  layer  states  [12].  Note  also  in  this  figure  that  it  is  not 
possible  to  distinguish  the  individual  QD  transitions  in  the  PL  spectra  of  the  annealed 
samples  when  the  intersublevel  energy  spacing  decreases.  We  can  estimate  the  energy 
between  the  QD  levels  from  the  difference  in  energy  between  the  PL  features,  by 
making  crude  approximations.  Thus  assuming  a  parabolic  confining  potential  and  a 
ratio  of  electron  to  heavy-hole  confinement  energy  of  0.8,  we  find  for  the  as-grown 
sample  intersublevel  energies  of  «  29  meV  (for  electron)  and  =  7  meV  (for  heavy- 
holes).  Considering  the  PL  linewidth  reduction  after  annealing,  we  estimate  for  the  (5  x 
30s)-annealed  sample  intersublevel  energies  of  ~  15  meV  (for  electron)  and  *  4  meV 
(for  heavy-holes). 

Figures  3a  and  3b  show  the  time-resolved  PL  signal  of  the  QD  ground  state  transitions. 
Decay  times  are  deduced  from  the  exponential  behavior  at  the  longer  times  (Fig.  3a). 
The  PL  rise  times  are  obtained  from  the  fit  of  the  experimental  data  (Fig.  3b)  using  the 
following  function  describing  the  photoluminescence  intensity  : 

In.  ( t )  “  -  e^'  J  /  (*,  -  Tp) 

where  id  and  xr  are  respectively  the  decay  and  the  rise  time  of  the  PL  emission. 

The  behavior  of  the  PL  decay  time  as  a  function  of  temperature  is  presented  in  figure  4. 
At  20K,  the  deduced  decay  time  is  670  ps  for  the  as-grown  sample  and  it  goes  below 
500  ps  for  all  the  annealed  samples.  Also,  the  decay  times  drop  quickly  above  100  K 
for  all  samples.  Carrier  thermal  emission  and  subsequent  non-radiative  recombination 
in  the  barrier  is  probably  responsible  for  the  reduced  PL  decay  times  at  higher 
temperatures.  The  correlation  between  the  confining  potential  (which  decreases  with 
the  annealing  time)  and  the  QD  PL  decay  time  tends  to  reinforce  this  interpretation.  The 
slight  increase  of  the  PL  decay  time  between  20  K  and  80  K  might  be  due  to  the  non 
negligible  exciton  radiative  recombination  rate  (at  low  temperatures)  and  its 
temperature  dependence  [13]. 
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The  PL  rise  time  results  as  a  function  of  temperature  is  presented  in  figure  5  while  its 
laser  excitation  density  dependence  is  shown  in  figure  6.  Results  obtained  by  pumping 
above  or  below  the  GaAs  bandgap  energy  are  also  shown  in  Figure  6.  Let’s  start  by 
analyzing  the  results  obtained  for  the  as-grown  sample.  It  is  found  that  the  PL  rise  time 
is  nearly  constant  («  12  ps)  as  a  function  of  temperature  (see  Fig.  5)  while  it  decreases 
slightly  as  function  of  the  excitation  density  (see  Fig.  6).  Besides  the  PL  rise  time  of  the 
QD  ground  state  transition  increases  when  we  pumped  below  the  energy  of  the 
confining  barriers.  In  this  case,  the  electron  and  hole  plasma  densities  in  the  barriers 
(which  could  act  as  effective  carrier  scattering  sources)  decreases  drastically.  All  these 
results  suggest  that  Auger  processes  are  the  dominant  relaxation  mechanisms  in  these 
particular  QDs,  within  our  investigated  excitation  density  regime.  Our  results  did  not 
allow  us  to  discriminate  between  the  single  capture  Auger  process  or  the  sequential 
Auger  process  involving  capture  and  intersublevel  relaxation  mechanisms.  The  minor 
role  played  by  the  phonon  emission  mechanisms  is  consistent  with  the  fact  that  both 
electron  and  hole  intersublevel  energies  are  smaller  than  the  LO-phonon  energy  but 
sufficiently  high  (»  1  meV)  for  neglecting  the  scattering  rate  mediated  by  the  emission 
of  acoustical  phonons  [4], 

The  PL  rise  time  for  the  annealed  sample  (see  Fig.  6)  decreases  significantly  with 
increasing  excitation  density  dependence  :  it  is  about  38  ps  at  0.5  W/cm2  and  7  ps  at 
250  W/cmz.  Again,  these  results  suggest  dominant  Auger  relaxation  mechanisms  at 
high  excitation  levels.  However,  a  drastic  change  in  the  PL  rise  time  behavior  as  a 
function  of  temperature  (see  Fig.  5)  is  observed  for  the  annealed  samples  :  the  PL  rise 
time  of  the  5  x  30  s  annealed  sample  decreases  from  24  ps  at  20  K  to  3  ps  at  150  K. 
These  temperature  and  excitation  density  dependencies  combined  with  the  fact  the  low- 
temperature  (20  K)  PL  rise  times  increases  with  the  thermal  annealing  time 
(intersublevel  spacing  getting  smaller),  indicate  that  intermixing  decreases  the 
efficiency  of  the  Auger-processes  while  it  increases  the  contribution  of  the  multiphonon 
emission  or  the  defect-mediated  processes.  The  increasing  role  played  by  phonon 
emissions  results  from  the  fact  that  new  relaxation  channel  opens  up  as  the  separation 
between  the  QD  levels  decreases;  carriers  are  also  more  sensitive  to  surface  states  in 
that  case.  The  influence  of  the  thermal  annealing  process  on  the  efficiency  of  the  Auger 
relaxation  mechanisms  is  still  under  study. 


CONCLUSION 

The  systematic  study  of  the  QD  PL  rise  times  as  a  function  of  temperature  and 
excitation  density  have  shown  that  the  intermixing  process  affects  significantly  the 
carrier  recombination  and  relaxation  times.  Decreasing  the  intersublevel  energy  spacing 
and  the  confining  potential  tend  to  decrease  both  the  recombination  time  and  the  carrier 
relaxation  time  (at  high  temperatures,  for  T  >  100  K).  The  carrier  relaxation  efficiency 
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is  very  high  in  these  QDs  .  Auger  processes  seem  to  be  the  dominant  relaxation 
processes  in  as-grown  sample  whereas  multiphonon  scattering  may  play  a  major  role  in 
intermixed  QDs. 
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Figure  1  :  Photoluminescence  spectra  of  the  different  samples  (as-grown  and 
rapid  thermal  annealed  ones)  obtained  at  T  =  15  K  under  continuous- 
wave  laser  excitation.  The  excitation  density  and  energy  are 
respectively  75  W/cm2  and  2.409  eV. 
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Figure  2  :  Time-resolved  photoluminescence  spectra  measured  at  100  ps  after  a 
pulsed  laser  excitation.  The  temperature  is  20  K,  the  photon 
excitation  energy  is  1.675  eV  and  the  excitation  density  is  5  W/cm2. 
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Figure  3:  Time-resolved  PL  intensity  detected  at  the  energy  of  the 
corresponding  QD  ground  state  transition.  Eexc .=  1  .675  eV  and  T  = 
20  K.  Fig.  3a  and  3b  were  used  to  deduce  the  PL  decay  and  rise  times 
(xd  and  tr). 
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Figure  4 :  PL  decay  time  of  the  QD  ground  state  transition  measured  for  the 
different  thermal  annealed  samples.  Eexc  =  1.675  eV  and  P  =  5  W/cm. 
The  error  bars  correspond  to  the  uncertainties  resulting  from  the  fitting 
procedure  (it  is  about  10  %). 
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Figure  5 :  PL  rise  time  of  the  QD  ground  state  transition  measured  for  the 
different  annealed  samples.  Eexc=  1.675  eV  and  P  =  5  W/cm2.  The 
error  bars  correspond  to  the  uncertainties  resulting  from  the  fitting 
procedure  (it  is  about  10%). 
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Figure  6 :  PL  rise  time  of  the  QD  ground  state  transition  measured  for  the  as- 
grown  sample  and  for  one  annealed  sample  (4  x  30  s)  using  two 
different  photon  excitation  energies  at  T  =  20  K.  Note  that  the  number 
of  photocarriers  per  pulse  and  per  dot  depends  on  the  excitation  energy  : 
for  comparable  laser  excitation  density,  the  carrier  density  per  dot  is  in 
fact  much  smaller  when  the  photon  excitation  energy  is  below  the  GaAs 
bandgap. 
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Abstract 

Multiple  quantum  dot  structures  with  ferrimagnetic  and/or  ferroelectric 
properties  are  proposed.  Curie  temperatures  are  estimated  for  InGaAs/InAlAs 
quantum  dot  for  ferrimagnetic  arrangement  and  InGaAs/InP  quantum  dots  for 
ferroelectric  arrangement  on  InP  substrate.  Potential  applications  in  informa¬ 
tion  processing  and  storage  are  also  considered. 


1  Introduction 

Advances  in  the  growth  of  semiconductor  materials  have  allowed  to  apply  methods  of 
bandgap  engineering  [1]  to  develop  structures  with  novel  electronic  and  optical  prop¬ 
erties.  Recently  attentions  have  been  gradually  shifting  from  2-dimensional  structures 
to  lower-dimensional  ones  such  as  the  self-organized  quantum  dots  (QDs)  [2].  QDs, 
being  essentially  large  scale  models  of  individual  atoms  or  molecules,  allow  ultimate 
flexibility  in  the  design  of  materials  with  pre-determined  physical  properties  and  a 
number  of  proposals  have  been  put  forward  promising  to  utilize  QDs  for  information 
processing  [3,  4]. 

As  for  the  magnetic  properties,  research  had  been  conducted  mostly  on  the  low¬ 
dimensional  structures  made  from  either  ferromagnetic  or  diluted  paramagnetic  ma¬ 
terials  [5,  6].  Experiments  on  spin-polarized  transport  and  tunneling  have  led  to 
the  proposal  for  spin-transistors  [7],  laying  a  foundation  for  a  new  field  of  magneto¬ 
electronics.  To  make  the  magneto-electronic  devices  practical,  they  must  be  compati¬ 
ble  with  conventional  VLSI  technology,  yet  nowadays  the  research  has  been  conducted 
with  materials  that  are  magnetic  even  in  the  absence  of  confinement,  and  for  the  most 
part  incompatible  with  the  Si  or  GaAs  technology  [8] .  Confinement  in  one  or  more  di¬ 
mensions  does  modify  magnetic  properties,  but  the  changes  mostly  have  quantitative 
character. 

In  general,  rather  weak  magnetic  field  is  difficult  to  detect,  and  it  might  be  far 
more  desirable  to  have  devices  exploiting  the  electric  properties  of  QDs.  Bakshi  et 
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al  [3,  9]  had  proposed  using  arrays  of  spontaneously  polarized  anti-ferroelectric  elon¬ 
gated  QDs  (’’quantum  dashes”)  for  information  processing.  This  concept  had  been 
further  explored  by  Chaplik  and  Govorov  [10,  11],  who  had  shown  that  depending 
on  the  arrangement  of  QDs  in  the  array,  one  can  obtain  both  ferroelectric  and  anti- 
ferroelectric  arrangement.  From  the  practical  point  of  view,  ferroelectric  arrangement 
is  preferable  since  the  macroscopic  polarization  greatly  facilitates  input  and  output 
via  dipole-dipole  interactions,  yet  the  ’’triangular”  arrangement  of  QDs  in  plane  [10], 
required  for  ferro-electricity,  is  far  beyond  the  capability  of  present  fabrication  tech¬ 
niques.  As  shown  by  Landauer  [12],  there  also  exists  a  very  strong  limitation  on 
the  size  of  such  arrays  imposed  by  the  depolarization  force  of  the  array  itself.  An 
arrangement  of  four  coupled  QDs  has  been  suggested  [13,  14]  for  the  so-called  cellular 
automata.  The  four-dot  cell  is,  however,  a  quadrupole,  and  in  order  to  read  informa¬ 
tion  one  has  to  directly  detect  the  charge  on  each  dot  [15,  16],  i.e.  the  QDs  have  to  be 
capacit ati vely- coupled  to  input-output  circuit  which  makes  the  access  more  difficult. 
Thus  it  appears  to  be  preferable  to  get  hold  of  a  material  with  sizable  macroscopic 
dipole  moment  which  can  be  remotely  sensed  and  switched.  The  information  can  be 
then  written  upon  or  read  from  such  material  remotely  -  using  an  external  field  sensor 
that  does  not  have  to  make  physical  contact  with  the  medium.  Alternatively,  one  can 
incorporate  this  artificial  ferroelectric  material  into  the  field  effect  transistors  (FETs) 
in  order  to  create  non-volatile  recording  medium. 

In  this  paper,  two  strained  quantum  dot  structures  are  proposed.  The  first  one, 
an  array  of  QD  subject  to  compressive  and  tensile  strain,  is  shown  to  lead  ferrimag- 
netic  arrangement  of  magnetic  moments,  while  the  second  one,  consisting  of  alter¬ 
nating  strained  and  unstrained  QDs,  possesses  spontaneous  polarization.  In  section 
2,  analysis  of  ferrimagnetic  arrangement  is  presented  and  an  example  of  strained 
Ini-.xGaxAs /InAlAs  QDs  grown  on  InP  substrate  is  used  to  estimate  to  Curie  tem¬ 
perature.  In  section  3,  ferroelectric  arrangement  is  discussed,  and  Curie  temperature 
and  spontaneous  polarization  are  calculated  for  the  case  of  In\-xGaxAsf InP  QDs 
grown  on  InP.  Improvements  and  potential  applications  are  discussed  in  section  4. 

2  Engineering  of  Ferri-magnetic  Properties 

In  semiconductors,  Coulomb  repulsion  forces  are  strong  enough  to  make  it  feasible  to 
keep  a  single  carrier  per  QD  [17].  One  can  then  imagine  an  array  of  QDs  each  having 
a  single  carrier  that  has  gotten  there  by  either  doping  or  applying  potential  to  a  gate. 
The  exchange  interaction  will  always  be  negative  (Jex  <  0),  yielding  the  system’s 
ground  state  with  an  anti-ferromagnetic  (AFM)  alignment  of  spins,  as  predicted  by 
Hubbard  [18].  It  has  been  proposed  in  [19]  and  [20]  that  AFM-arranged  QDs  can 
be  used  in  order  to  construct  single-electron  quantum  computers  that  would  hold  a 
number  of  advantages  over  the  ”  anti-ferroelectric”  QD  computers  [4],  and  the  stability 
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of  the  AFM  alignment  has  been  examined  in  [21].  There  are  two  basic  problems  with 
AFM  QD  computing  and  memory  -  the  input/output  is  extremely  difficult,  because 
there  is  no  long-range  magnetic  field  and  each  QD  needs  to  be  accessed  individually, 
and  constant  bias  magnetic  field  is  always  required  for  the  system  to  settle  in  a 
well-defined  state.  Obviously,  the  arrangement  of  spins  with  macroscopic  magnetic 
moment  is  highly  desirable. 

AFM  alignment  of  the  spins  does  not  preclude  the  possibility  of  having  a  net 
macroscopic  magnetic  moment  as  long  as  the  magnetic  moments  on  neighboring  sites 
do  not  cancel  each  other  exactly,  as  in  ferrimagnetic  (FiM)  materials.  But  where 
can  this  dissimilarity  of  magnetic  moments  come  from  in  the  case  of  QDs?  Not  from 
the  conduction  band,  where  at  low  doping  density  electrons  occupy  the  states  with 
zero  orbital  momentum.  No  matter  what  material  is  used,  the  magnetic  moment  is 
equal  to  fiz  =  —  where  (is  =  eh /2m  is  Bohr  magneton  and  g9  «  2  is  the 

gyromagnetic  ratio.  The  situation  is  quite  different  near  the  top  of  valence  band, 
where  the  magnetic  moment  fiz  is  a  function  of  not  only  its  spin  Sz,  but  also  its 
orbital  momentum  Lz,  or  fiz  =  — gjfiah _1  J*,  where  gj  is  a  Lande  splitting  factor  that 
is  equal  to  4/3  for  the  states  near  the  top  of  valence  band  -  2P3 . 

In  order  to  create  a  FiM  QD  we  thus  need  to  combine  Ql5s  populated  by  holes 
with  different  values  of  Lz  and  Jz.  In  III-V  and  group  IV  semiconductors  the  top 
of  the  valence  band  is  four-fold  degenerate  with  heavy  holes  (HHs)  described  by 
Bloch  functions  uh± 3  =  \J  =  § %,JZ  =  ±| h  >,  and  light  holes  (LHs)  described  by 
ui,±l  =  \J  —  \h,Jz  —  ±|/ii  >.  It  is  clear  that  HHs  have  projection  of  the  magnetic 
moment  on  axis  z  equal  to  fiz<hh  =  ±2 fiB  and  the  LHs  / izjh  =  ±| gB.  If  a  QD  with 
a  single  LH  is  placed  next  to  a  QD  with  a  single  HH  (Fig.  1),  then  the  Heisenberg 
Exchange  Hamiltonian  can  be  introduced  as  Hex  —  Jexh~2 Jhh  ■  Jih  ,  The  exchange 
integral  Jex  is,  of  course,  negative,  and  favors  the  anti-parallel  alignment  of  moments, 
Jz,hh  =  ±y  and  Jzjh  =  The  magnetic  moment  of  this  state,  however,  is  not 
0,  but  is  equal  to  g,z  =  d zg,Zthh  T  /*z,ih  —  ±| hb-  Expanding  to  an  array  with  two 
sub-lattices  of  QDs  -  one  with  LHs  and  one  with  HHs  we  can  create  a  FiM  with  Curie 
temperature  of  the  order  of  Tc  ~  Gex/^BT. 

This  approximation  shall  be  refined  further  on,  but  for  now,  the  crucial  question 
is  how  to  obtain  array  of  alternating  LHs  and  HHs?  The  answer  lies  in  the  use  of 
strain  that  splits  the  degeneracy  of  the  LHs  and  HHs.  The  presence  of  the  shear 
component  of  strain  causes  the  energies  of  the  HH  and  LH  bands  to  split  near  the 
T  -  point  by  6Eah  =  Eih{k  =  0)  —  Ehh{k  =  0)  which  can  be  as  large  as  lOOmeV. 
Now,  if  one  considers  the  situation  in  Fig.  1,  there  are  two  QDs  grown  on  InP 
substrate.  The  composition  of  QD\  is  Ini-xGaxAs’,  x  >  0.47  hence  QD\  is  under 
biaxial  tension  and  the  LH,  Jz  =  ±\  is  above  the  HH  Jz  =  ±|,  while  in  the  QD2 , 
grown  from  Ini-.yGayAs ;  y  <  0.47  the  situation  is  reversed.  The  QDs  are  separated 
and  surrounded  by  a  lattice-matched  InowAloAsAs  barrier.  By  properly  choosing  the 
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dimensions  of  QDs  it  is  not  difficult  to  achieve  a  near  resonance  between  Eik.,1  &nd 
Ehh,2-  Magnetic  properties  of  the  structure  do  not  rely  upon  the  resonant  tunneling, 
and  thus  the  structure  is  relatively  tolerant  to  size  disorder,  which  can  be  as  large  of 
10%  according  to  our  calculation. 

To  find  Jex  let  us  consider  a  simple  Hubbard  model  for  two  QDs  with  six  Pauli- 
allowed  two-hole  states: 

•  i,  $1(_i  >  and  $2  =  |^2,§^2,-|  >  -  Jz,t  =  0  -  both  holes  are  on  QDt 
or  QD2  respectively; 

•  $3  =  1$!  i ,  $2  3  >  and  $4  =  |®i, ^2,-|  >  '  4*  =  ±2^  “ two  ’’ferromagnetic” 
states  witii  orbital  moments  of  Q&x  and  QD2  parallel  to  each  other; 

•  $5  =  |«lfj,®at-!  >  and  =  l^i, _i,  ^2, |  >  -  Jzt  =  -  two  ”FiM”  states 

with  orbital  moments  of  QD\  and  q£)2  anti-parallel  to  each  other; 

The  one-hole  states  here  are  the  products  of  the  envelope  wavefunction  fiiJz  and 
one  of  the  Bloch  wave-functions  u^h),Jz- 

Hubbard  Hamiltonian  [22,  23]  can  now  be  written  as 


(  Ea  +  Ui  0  T2  T2  Ti  Tx  \ 

0  E0  +  U2  T2  T2  Ti  Ti 

T2  t2  e0  0  0  0 

vtHufc  -  r2  0  Eo  0  0 

Ti  Ti  0  0  E0  0 

\  Ti  7\  0  0  0  Eo  / 


(1) 


where  E0  =  Em  =  E2, u,  T,  =<  >~<  «f,ik,§  >  is  the 

probability  of  hole  tunneling  between  QDX  and  QD2  with  change  in  angular  momen¬ 
tum  A Jz  =  ±ft,  T2  =<  $!,!,  \H I#!  1,  $2,|  >~<  ut  iK,-§  >  is  a  probability  of 

hole  tunneling  between  QD\  and  $D2  with  change  in  angular  momentum  A  Jz  —  ±27i, 
and  U\  and  U2  are  Coulomb  interactions  between  the  two  holes  in  the  same  dot.  These 
tunneling  probabilities  are  not  zero  since  a  fair  amount  of  band-mixing  takes  place 
in  small  QDs.  Indeed,  using  4X4  Luttinger-Kohn  [24]  Hamiltonian  it  is  not  difficult 
to  show  that  the  coupling  of  heavy-to-light  holes  in  two  QDs  is  much  stronger  if 
A  Jz  =  ±h  than  if  A  Jz  =  ±2ft,  i.e.  Tx  >  T2.  Substituting  T2  «  0  into  Hubbard 
Hamiltonian  (1)  we  obtain  splitting  the  Jhz  +  J2,z  =  ±h  and  JXtZ  +  J2,z  —  2 h  states 
by  6  =  -4 T?/U,  where  U~l  =  (l/f 1  +  t/j-1)/2  and  formally  introduce  the  Heisenberg 


exchange  integral  into 


247? 
3  U 


(2) 
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and  then  follow  mean  field  theory  [25]  to  obtain  the  spontaneous  magnetization  in 
the  absence  of  external  field  7i  at  the  Curie  temperature 

M  =  IS  (3) 

Calculations  based  on  diagonalization  of  Hubbard  Hamiltonian  (1)  are  performed 
with  matrix  elements  determined  by  diagonalization  of  the  Luttinger-Kohn  Hamilto¬ 
nian  for  a  variety  of  one-dimensional  QD  arrays  with  a  number  of  variable  parame¬ 
ters.  All  the  investigated  structures  consist  of  alternating  a  narrow  square  unstrained 
In0'S3Ga0A7As  QD  and  a  wider  strained  In1^xGaxAs(x  >  0.47)  QD  separated  by 
unstrained  Iuo.^AIqasAs  barriers.  For  each  set  of  the  parameters  for  the  strained 
QD\,  the  thickness  of  the  unstrained  QD 2  has  to  be  adjusted  to  assure  the  resonance 
between  Eih,  1  and  Ekh, 2  prior  to  evaluation  of  the  Tc. 

In  Fig.  2  the  dependence  of  Tc  on  the  thickness  of  QDl  is  plotted  for  four  different 
compositions  of  the  strained  QD\ .  The  general  trend  of  the  Tc  is  to  increase  with  the 
decrease  in  the  thickness  of  the  QDs  and  their  separation  -  quite  a  natural  result  of 
the  increase  in  coupling  energy  Ti,  but  eventually  the  delocalization  takes  place  and 
spontaneous  magnetization  disappears  resulting  in  maximum  Tc  of  about  25 K. 

If  QDs  are  arranged  in  a  two-dimensional  superlattice,  with  four  or  more  nearest 
neighbors,  Tc  would  be  of  the  order  of  100A,  and  it  would  be  a  true  Curie  temperature, 
i.e.  one  indeed  could  expect  phase  transition  at  temperature  close  to  Tc.  But  the 
growth  of  QDs  of  different  compositions  in  the  same  plane  appears  to  be  out  of  reach 
of  today’s  methods.  As  for  1-dimensional  pillar-like  structure  (Fig.  3),  it  is  well 
known  [26]  that  no  long-range  (i.e.  Nqd  — ►  00  )  order  can  exist  there  and  thus  there 
is  no  spontaneous  magnetization.  But  for  a  limited  number  of  QDs  we  can  expect 
the  system  to  maintain  spontaneous  polarization  as  long  as  T  <  TJIuNqd .  So,  for  a 
small  number  of  QDs  lined-up  in  a  polymer-like  chain,  one  can  expect  the  magnetic 
order  to  be  maintained  in  the  absence  of  external  field,  albeit  at  temperatures  less 
than  25 K.  These  FiM  pillars  can  be  accessed  by  an  STM  tip  (Fig.  3)  or,  conceivably, 
electrically  using  current  loops. 

3  Engineering  of  Ferro-Electric  Properties 

Ferro-electric  properties  of  quantum  dots  are  achieved  in  a  similar  way.  The  proposed 
structure,  which  can  be  grown  on  a  InP  substrate,  as  shown  in  Fig.  4,  consists  of  a 
number  of  unit  cells,  each  made  up  of  two  ” dashes”,  each  "dash”  being  a  pair  of  cou¬ 
pled  QDs  (CQDs).  The  first  pair  of  CQDs  is  made  up  of  Ino.szGao.tfAs  and  thus  is 
unstrained,  while  the  other  one,  made  up  of  ln\-xGaxAs{x  <  0.47)  material,  is  com- 
pressively  strained.  We  assume  here  the  barrier  material  to  be  InP,  although  InAlAs 
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can  also  be  used.  The  two  QDs  of  the  same  pair  are  placed  close  so  that  holes  can 
tunnel  through  the  barrier  U  between  them.  On  the  other  hand,  the  distance  between 
pairs  l  is  made  larger  than  tb  in  order  to  prevent  tunneling.  The  valence  band  discon¬ 
tinuity  of  In\-xGaxAs{x  <  0 A7)/InP  is  larger  than  that  of  Ino.^GaoArAsflnP,  so 
that  the  inter-dot  hole  tunneling  in  the  strained  CQD  pair  is  weaker  than  that  in  un¬ 
strained  CQD  pair  for  the  same  barrier  thickness.  Therefore,  in  the  strained  pair,  the 
energy  split  between  the  ground  (symmetric)  and  the  first  excited  (anti-symmetric) 
states  is  smaller  and,  consequently,  it  is  easier  for  the  Coulombic  force  exerted  by  the 
adjacent  CQD  pair  to  move  the  center  of  the  positive  charge  away  from  the  center  of 
the  pair.  Thus,  when  one  hole  is  placed  in  each  pair,  the  strained  CQD  pair  acquires 
a  larger  dipole  moment  than  the  unstrained  one,  and  the  net  polarization  results. 

The  dimensions  of  CQDs  are  chosen  in  such  a  way  that  the  ground  state  energies 
of  unstrained  and  strained  pairs  are  nearly  equal.  Typical  sizes  are  70  x  70  x  160A3 
for  the  unstrained  and  55  x  55  X  160A3  for  the  strained  CQDs. 

It  is  important  to  note  that  the  ferroelectricity  of  the  proposed  structure  depends 
mostly  on  the  interactions  between  the  adjacent  CQDs  along  the  direction  of  growth, 
where  all  the  dimensions  can  be  precisely  controlled.  Therefore,  in  principle,  one  can 
think  about  the  individual  ’’ferroelectric  pillars”  if  the  CQDs  are  widely  separated 
in  the  lateral  plane.  Bringing  the  ’’pillars”  together  will  result  in  two-  or  three-  di¬ 
mensional  ferroelectric  domains,  but  the  longitudinal  dipole-dipole  interaction  always 
dominates  the  lateral  interaction. 

We  have  performed  computer  simulation  of  the  proposed  structure  in  order  to 
determine  the  value  of  macroscopic  polarization  dx  and  Curie  temperature  Tc  by 
iteratively  solving  the  following  the  Schrodinger  equation  of  the  ionized  acceptor  ions. 

H(rltf2)  |  *i(fi),*a(5))  =  E  |  *i(ri),*aW»  (4) 

where  |  $i(rj))  and  |  4>2(r2))  are  wave-functions  of  holes  in  unstrained  and  strained 
pairs  respectively,  and  the  Hamiltonian  is 


H(?u  ?,)  =  -—V?  -  —VI  +  V,(ft)  +  V2(r-2)  + 


4?re  |  r i  —  r 2  | 


where  Vi(fi)  and  V^^)  may  include  the  potential  due  to  background  charges,  and 
the  exchange  interaction  between  the  pairs  is  neglected  due  to  the  negligibly  small 
overlap  between  $i(ri)  and  $2(^2)-  The  per-pair  net  dipole  moment  can  then  be 
evaluated  as 

dx  =  e  J  x)$i(ri)|2dri  +  e  J  x\$2(r2)\2dr2  (6) 

while  the  Curie  temperature  is  found  as 


(7) 


Electrochemical  Society  Proceedings  Volume  98-19 


302 


where  N  is  the  number  of  nearest  neighbors,  which  is  2  in  our  case,  ks  is  the  Boltz¬ 
mann’s  constant,  and  E0  is  the  energy  of  unpolarized  state,  i.e.  the  state  in  which 
both  holes  are  in  the  symmetric  states  in  their  respective  CQDs. 

In  Fig.  5,  Tc  and  net  dipole  moment  dx  versus  the  thickness  of  the  CQD  bar¬ 
rier  tb  are  shown  for  two  values  of  compressive  strain,  0.2%  and  0.4%  (corresponding 
to  x=0.439  and  0.410  respectively).  The  distance  between  the  CQD  pairs  l  is  kept 
at  a  constant  value  of  150 A.  As  the  barrier  thickness  increases,  the  symmetric- 
antisymmetric  energy  split  decreases,  so  that  Coulomb  interaction  is  capable  of  lo¬ 
calizing  the  holes  ’’diagonally”  which  results  in  larger  Tc.  While  the  individual  dipole 
moments  of  CQD  pairs  increase,  they  become  nearly  equal  to  their  respective  maxima 
and  hence  the  net  dipole  moment  decreases  and  converges  to  a  fixed  value,  determined 
by  the  sizes  of  the  cell. 

Both  Curie  temperature  Tc  and  the  dipole  moment  dx  can  be  optimized,  as  shown 
in  Fig.  6  and  7,  where  both  /  and  are  varied  while  l  is  kept  at  least  10A  larger  than 
tb.  The  reason  for  existence  of  the  maxima  is  the  fact  that  two  competing  processes 
-  tunneling  within  each  CQD  pair  which  tends  to  de-localize  holes  and  Coulomb 
repulsion  that  tends  to  localize  them,  depend  on  the  £j.  But  these  dependencies  are 
quite  different  -  roughly  inverse  exponential  in  case  of  tunneling  and  a  much  weaker 
one  in  case  of  Coulomb  repulsion.  Therefore,  there  is  always  an  optimum  id  for  which 
the  net  localizing  force  is  the  strongest.  The  maximum  of  Tc  is  about  27K,  which, 
while  far  below  the  boiling  point  of  liquid  nitrogen,  is  still  significantly  higher  than 
that  in  triangular  array  in  [10]  and  does  not  depend  on  the  exact  arrangement  of  QDs 
in  the  lateral  plane. 

The  net  dipole  moment  of  each  cell  at  this  temperature  is  about  8eA,  which,  for 
a  three-dimensional  material,  corresponds  to  the  spontaneous  polarization  density 
of  10 ~sCjm2.  Such  spontaneous  polarization  can  generate  electrostatic  fields  of  the 
order  of  103  — 10 4 V/cm  in  the  vicinity  of  the  artificial  ferroelectric  -  more  than  enough 
to  be  ’’picked  up”  by  a  external  sensor  or  enough  to  cause  the  depletion  of  the  channel 
of  FET  if  it  is  placed  between  the  gate  and  channel. 


4  Discussions 

t 

The  main  reason  for  such  low  Curie  temperatures  is  that  in  QDs  Coulomb  interactions 
responsible  for  magnetic  alignment  axe  scaled  down  in  comparison  to  conventional 
materials  due  to  large  dot-to-dot  distances  and  larger  dielectric  constant.  The  order 
of  this  reduction  is  comparable  to  scaling  down  of  the  Rydberg  energy  in  the  material. 
Therefore,  in  the  wider-bandgap  materials,  such  as  GaN-based,  one  can  expect  the 
increase  of  the  Tc  by  as  much  as  an  order  of  magnitude.  On  the  other  hand,  going 
to  the  lower-bandgap  materials,  such  as  InSb,  with  their  large  effective  Lande  factors 
would  allow  one  to  increase  the  magnetization  .  These  structures  could  be  then  used 
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as  memory  cells  or,  possibly  switching  elements. 

For  ferro-electric  structures,  the  predicted  low  Curie  temperature  is  caused  by 
both  the  low  effective  mass  and  the  high  dielectric  constant  of  the  InGaAs  and  InP. 
Therefore,  one  can  envision  that  by  employing  wider-bandgap  semiconductors,  such 
as,  nitride  or  II- VI  materials,  one  may  succeeding  raising  the  Curie  temperature  above 
77K. 

In  conclusion,  we  have  proposed  a  method  of  engineering  one-,  two-,  and  three-  di¬ 
mensional  QD  arrays  that  possess  ferrimagnetic  and/or  ferroelectric  properties  which 
are  insensitive  to  the  lateral  arrangement  of  the  QDs.  We  estimated  the  Curie  temper¬ 
ature  for  the  artificial  ferrimagnetic  to  be  of  the  order  of  26K,  while  for  the  artificial 
ferroelectric  the  Curie  temperature  is  found  to  be  of  the  order  of  20 K,  and  the  spon¬ 
taneous  polarization  of  the  order  of  10 ~5C/m2.  The  proposed  structures  can  find 
applications  in  information  storage  and  processing. 

This  work  is  supported  by  NSF  and  AFOSR. 
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Figure  1 :  One  period  of  the  ferrimagnetic  QD  array. 

a)  geometry 

b)  valence-band  alignment 

c)  directions  of  mechanical  and  magnetic  momenta. 
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Figure  2:  Curie  temperature  Tc  and  the  thickness  of  unstrained  QD2  -  <2  as  func¬ 
tions  of  the  thickness  of  strained  QD\  -  fi  for  different  compositions  x  of  strained 
In\-xGaxAs  QDi.  The  lateral  size  d  =  120A.  The  barrier  thickness  U  =  20 A. 
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Figure  3:  Ferrimagnetic  pillars  accessed  by  STM. 
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Figure  4:  Array  of  ferroelectric  coupled  QDs. 
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Figure  5:  Curie  temperature  and  per-unit-cell  dipole  moment  vs  the  barrier  thickness 
of  the  CQD  tb-  I  is  equal  to  150A. 


0.47). 
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ABSTRACT 

Optical  properties  of  planar  arrays  of  CdSe  QDs  in  Zn(S)Se  matrix  have 
been  investigated  both  theoretically  and  experimentally.  Structures 
with  different  nominal  thickness  of  the  CdSe  QD-like  insertions  have 
been  studied.  Real  absorption  spectra  of  CdSe  QDs  extracted  from  the 
transmission  and  reflection  spectra  have  been  obtained.  It  is  shown 
that  when  the  nominal  thickness  of  CdSe  increases,  the  optical  density 
spectrum  peak,  which  corresponds  to  the  absorption  by  QDs,  shifts 
to  lower  energies  and  becomes  more  pronounced.  Strain  distribution, 
carrier  spectrum  and  exciton  binding  energy  in  disk-like  QDs  which 
form  a  periodic  array  have  been  calculated.  The  results  of  calculations 
are  used  to  interpreter  the  obtained  experimental  data.  The  calculated 
positions  of  the  QD  absorption  maximum  are  in  good  agreement  with 
experimental  ones. 


I.INTRODUCTION 


The  quantum  dot  (QD)  structures  have  potential  advantage  over  conventionl  QW 
structures,  which  is  due  to  their  OD  density  of  states  properties.  First  laser  structures 
with  CdSe  planar  QDs  in  ZnSe-based  matrix  have  been  fabricated  recently  and  laser 
light  radiation  has  been  successfully  obtained  [1].  However,  it  was  demonstrated  both 
theoretically  and  experimentally  (2,  3]  that  in  some  cases  planar  CdSe  QDs  do  not 
provide  proper  carrier  localization  and  therefore  the  advantages  of  OD  structures  do 
not  realize. 

The  aim  of  this  paper  is  to  carry  out  thorough  analysis  of  optical  properties  of 
ZnSe /CdSe-based  heterostructures  with  QDs  as  perspective  candidates  for  the  cre¬ 
ation  of  blue  lasers.  In  particular,  the  following  problems  are  studied:  (1)  calculation 
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of  the  strain  distribution  and  carrier  energy  spectrum  in  the  QD  structure;  (2)  deter¬ 
mination  of  the  optimal  structure  parameters  when  proper  carrier  localization  exists, 
which  is  accompanied  by  realization  of  OD  structure  advantages. 


II.EXPERIMENT 


The  structures  studied  in  this  paper  were  grown  by  MBE  and  contain  20  CdSe  2D 
insertions  (planar  QDs)  equally  spaced  by  30  A  and  inserted  in  ZnSo.0rSeo.93  or  ZnSe 
matrix,  were  grown  by  MBE  on  GaAs(OOl)  substrate.  Growth  conditions  and  alloy 
composition  control  technique  have  been  reported  elsewhere  [4].  The  thin  (~  200  A) 
ZnMgSSe  barriers  on  both  sides  of  the  CdSe/ZnSSe  or  CdSe/ZnSe  submonolayer  su¬ 
perlattice  were  grown  to  provide  a  proper  carrier  confinement.  The  nominal  thickness 
of  the  CdSe  insertions,  £  is  estimated  from  growth  calibrations  and  X-ray  measure¬ 
ments  to  be  from  £  ~  0.55  to  £  ~  1  monolayers  for  different  samples. 

For  optical  studies  the  substrate  was  completely  removed.  The  optical  transmission 
and  reflection  spectra  as  well  as  photoluminescence  spectra  have  been  obtained  at 
helium  temperature.  Real  absorption  spectra  of  the  samples  were  extracted  from 
the  transmission  and  reflection  ones  (see  Fig.l).  Taking  account  of  properties  of 
light  propagation  through  relatively  transparent  plate  we  can  exclude  all  interference 
picture  hindrance  and  reconstruct  true  absorption  (see  for  example  [5]).  Figure  2 
shows  the  absorption  spectra  obtained  for  three  samples  with  nominal  thickness  of 
CdSe  equal  to  £1  =  1.0;  £2  =  0.6  and  £3  =  0.55.  Features  due  to  the  exciton 
transitions  corresponding  to  the  carrier  states  in  QDs  can  be  clearly  observed  at  the 
lower  energy  part  of  the  absorption  spectra.  Respective  transition  energies,  E-x  are 
listed  in  Table  I.  For  the  structures  with  larger  nominal  thickness  £  the  height  of  the 
CdSe  QD  is  larger,  the  carrier  localisation  is  stronger  and  corresponding  absorption 
maxima  becomes  very  clear.  For  the  structures  with  relatively  small  £  these  maxima 
are  very  close  to  the  quasi-bulk  continuum  absorption  corresponding  to  the  bulk-like 
superlattice  of  QDs  (see  curve  3  on  Fig.  2).  For  all  three  structures  the  QD  absorption 
is  accompanied  by  strong  photoluminescence  maximum  with  Stokes  shifts  of  28,  25 
and  15  meV  for  samples  1,  2  and  3  respectively.  Strong  maxima  on  the  absorption 
spectra  at  higher  energy  part  around  E  «  2.84  eV  correspond  to  the  absorption  of 
ZnSe  or  ZnSSe  matrix  and  buffer  layers. 


III.THEORY 


To  model  the  optical  properties  of  the  structures  we  assume  that:  (i)  the  CdSe  QDs 
have  a  shape  of  flat  cylinder  with  diameter  D  and  height  h\  (ii)  the  QDs  form  a 
3D  periodic  structure  with  in-plane  period  djj  and  with  the  period  dz  in  the  growth 
direction. 
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Since  the  CdSe/ZnSe-based  QD  structure  is  a  strongly  lattice  mismatched  system, 
detailed  calculation  of  the  strain  field  is  required  for  further  modelling  of  the  electronic 
and  optical  properties.  For  calculation  of  the  strain  distribution  in  the  QD  structure 
we  have  used  Green’s  tensor  formalism  which  takes  account  of  elastic  anisotropy  of 
cubic  crystals  [3,  8].  For  simplicity  we  assume  that  the  elastic  constants  of  the  QD 
and  the  matrix  materials  are  equal.  The  main  advantage  of  our  method  is  that  it 
allows  to  obtain  analytical  expression  for  the  strain  distribution  in  the  periodic  QD 
structure.  First  we  obtain  the  analytical  formulae  for  the  Green’s  tensor  (6]  for  the 
elastic  equations  for  the  infinite  media  of  cubic  symmetry.  Then  using  Eshelby’s 
method  of  inclusions  [7]  we  found  the  analytical  expression  for  the  Fourier  transform 
of  the  strain  tensor  [8].  These  expression  were  used  for  further  calculations  of  the 
carrier  spectrum.  Figure  2  shows  the  calculated  strain  tensor  components  in  the 
CdSe/ZnSe-based  structure.  In  the  (*,  y)  plane  perpendicular  to  the  growth  direction 
z  the  strain  decrease  rather  rapidly  outside  the  dot;  on  the  distances  of  order  of  1  nm 
the  strain  tensor  components  nearly  vanish.  Along  the  growth  direction  the  strain  in 
matrix  is  relatively  high,  which  provides  effective  compensation  of  strain.  This  means 
that  using  QDs  it  is  possible  to  achieve  strain  relaxation  in  defect-free  structures  and 
therefore  such  structures  is  a  perspective  candidate  for  the  creation  of  long-living 
lasers. 

Due  to  specific  QD  structure  under  study,  in  calculation  of  the  energy  spectra  in  CdSe- 
based  QDs  it  is  important  to  take  account  the  following  points:  (i)  the  QDs  form  the 
3D  superlattice  and  therefore  tunnelling  processes  between  the  dots  are  crucial;  (ii) 
QDs  are  rather  thin  (several  monolayers)  and,  consequently,  the  case  of  finite  value  of 
the  barrier  heights  both  for  electrons  and  holes  should  be  considered;  (iii)  full  account 
of  3D  strain  distribution  is  necessary  in  order  to  obtain  the  actual  potential  profile 
for  the  carriers  in  QD.  All  these  three  effects  are  taken  into  account  in  the  present 
paper.  As  shown  in  the  previous  section,  the  strain  is  rather  large  in  our  case  and 
therefore  the  splitting  between  light  and  heavy  hole  states  in  the  QD  is  enough  to 
consider  these  states  separately  neglecting  light-heavy  hole  mixing.  For  wide  band- 
gap  semiconductors  the  conduction  band  can  also  be  considered  completely  decoupled 
from  the  valence  band.  Thus,  it  is  possible  to  use  simple  effective-mass  model  taking 
account  of  calculated  strain  distribution.  We  employ  plane-wave  expansion  method 
to  find  the  carrier  spectrum  and  wave  functions.  In  was  found  out  that  the  degree 
of  the  carrier  localisation  in  QDs  strongly  depends  on  the  structures  parameters: 
QDs  height  h  and  distances  between  nearest  QD  in  the  growth  direction,  dx,  and 
in  the  lateral  direction,  d\\  ,  and  on  the  barrier  composition.  Using  two-parameter 
variational  technique  and  obtained  wave  functions  of  the  carriers  in  QD  structure 
we  have  calculated  the  exciton  binding  energy  and  oscillator  strength.  The  position 
of  the  calculated  exciton  absorption  peak  and  oscillator  strength  turn  out  to  be  in 
good  agreement  with  experiment  (see  Table  I)  proving  that  the  developed  theoretical 
model  describe  properly  the  optical  properties  of  the  studied  samples. 
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sample 

(t 

Ef *  eV 

E*r,  eV 

1 

1.0 

2.658 

2.650 

2 

0.60 

2.709 

2.701 

3 

0.55 

2.770 

2.765 

Table  I.  Theoretical  and  experimental  energies  Ef*  of  the  transitions  corresponding 
to  the  exciton  states  in  QD  structures  with  different  nominal  thickness  (  of  CdSe 
insertion.  Experimental  values  are  extracted  from  measured  absorption  spectra  as 
indicated  on  Fig.2. 


IV.  CONCLUSIONS 


In  this  paper  we  have  measured  the  optical  absorption  and  photoluminescence  spec¬ 
tra  of  CdSe  planar  QDs  in  ZnSSe  matrix.  It  is  demonstrated  that  the  absorption 
maximum  due  to  exciton  states  in  QDs  is  shifted  to  lower  energies  as  the  QD  height 
increased  (i.e.  nominal  thickness  £  is  increased).  To  interpret  the  obtained  experimen¬ 
tal  results  and  perform  gain  modelling  of  the  lasers  based  on  the  studied  structures 
we  have  developed  a  theoretical  model  assuming  that  the  QD  are  flat  cylinders  with 
characteristic  diameter  of  D  ~  4  -  5  nm.  Calculation  of  the  strain  distribution  in  the 
studied  structures  with  strong  lattice  mismatch  demonstrated  that  the  matrix  be¬ 
comes  partly  strained  providing  enough  smooth  strain  relaxation  and  small  amount 
of  intrinsic  structure  defects.  Therefore  high  quality  QD-based  structures  are  per¬ 
spective  candidates  for  the  creation  of  long-living  lasers,  Calculated  energy  positions 
of  the  QD  absorption  maxima  are  in  good  agreement  with  experimental  values.  We 
found  that  in  structures  with  thin  QDs  (like  sample  3)  the  carrier  localisation  is 
poor  and  QD  advantages  do  not  realise  in  full  degree.  Increasing  the  QD  height  by 
increasing  the  nominal  thickness  of  the  CdSe  insertion  leads  to  partial  in-plane  car¬ 
rier  localisation  accompanied  in  larger  exciton  binding  energy  and  oscillator  strength. 
In  experiment  this  fact  is  expressed  in  more  pronounced  exciton  maximum  on  the 
absorption  spectrum  (sample  1,  see  Fig.2). 
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Fig.  1.  Transmission,  reflection  and  absorption  spectra 
for  CdSe  Qds  in  ZnSe  matrix.  The  nominal  thickness  of 
CdSe  is  0.6  ML 
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Fig.  2.  Normalised  optical  density  versus  energy  for  three  samples  with  different  nom¬ 
inal  CdSe  thickness  Arrows  indicate  energy  positions  of  the  exciton  maxima 
corresponding  to  the  states  in  the  QDs  for  these  three  samples. 


Fig.  3.  Variation  of  elastic  tensor  components  along  x  (a)  and  z  (b)  axises  for  the 
following  structure  parameters:  h  -  1  nm,  D  =  4  nm,  dx  =  dy  =  8  nm,  dz  -  3  nm. 
The  origin  of  the  co-ordinate  system  (x,y,z)  is  in  the  QD  centre,  axis  z  is  directed 
along  the  growth  direction,  axises  x  and  y  are  directed  to  the  center  of  the  nearest 
QD  in  the  plane.  Bold  horizontal  lines  show  the  boundaries  of  the  QD.  Because  of 
symmetry  exx  and  ew  axe  equal  along  z  axis  and  therefore  only  exx  is  shown  on  the 
figure  (b). 
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I.  INTRODUCTION 

Some  theoretical  studies  have  proposed  that  the  “phonon  bottleneck  effects”  m  have  bad  effects  on 
realizing  lasing  of  QDs.  The  “bottleneck  effects”  could  be  mediated  by  an  alternative  rapid  relaxation 
process,  such  as  multi-phonon  effects  m  and  Auger  recombination  pl.  In  this  paper,  we  report  the 
dependence  of  PL  on  temperature  at  very  low  excitation  density  to  explore  relaxation  mechanisms  in 
QDs. 

0.  EXPERIMENTS  AND  DISCUSSION 

The  samples  were  fabricated  by  MBE  on  (100)GaAs  substrate.  A  0.5pm  GaAs  buffer  layer  was 
deposited  first  at  600°C,  following  by  a  single  InAs  layer  with  thickness  of  1.7  to  2.5ML,  60s  growth 
interruption  and  a  20nm  GaAs  cap  layer  at  450°C.  The  QDs  nucleation  was  observed  directly  by 
RHEED.  Fig.  I  show  the  PL  spectra  at  several  temperatures  of  a  1.7ML  InAs  QD  sample.  All  spectra 
are  dominated  by  a  strong  luminescence  from  the  InAs  QDs.  By  elimination  of  the  effect  of 
temperature  on  the  band-gap  of  InAs  (Inlet  of  Fig.  1),  it  can  be  found  that,  the  edge  of  PL  at  high 
energy  decrease,  while  the  edge  of  PL  at  low  energy  almost  does  not  change.  So  the  red  shift  of  peak 
position  should  be  considered  thermal  exciting  of  excitons  from  small  island  with  low  exciting  energy 
W  besides  the  variation  of  band  gap  of  InAs  with  temperature.  This  is  consistent  with  the  strong 
dependence  of  PL  intensity(Fig.  2),  peak  energy  and  FWHM(Fig.  3)  with  the  increasing  of  temperature 
from  70K  to  200K. 

However,  an  anomalous  increase  of  PL  intensity  was  detected  with  a  temperature  raising  up  to 
70K  as  shown  in  Fig.  2.  Other  samples  also  exhibit  similar  temperature-dependent  behaviors.  As  we 
know,  quantum  dots  have  a  temperature-independent  recombination  lifetime  r  M  of  excitons.  So,  the 
rate  equation  of  the  temperature-related  distribution  of  excitons  in  steady  state,  f(E,T),  can  be 
written  as:  'gran in  which  C  =  C0/(rc+r,)  and 

g{E,0)  is  used  to  model  the  energy  distribution  of  QD  states.  c,  is  proportional  to  the  excitation 
power  density  by  the  laser,  Tc  and  tr  is  the  carrier  capture  time  from  the  GaAs  barrier  into  the  high- 
lying  energy  levels  in  QDs  and  that  from  excited  to  ground  levels  in  QDs,  respectively.  For  the  phonon 
relaxation  process,  the  relaxation  process  inside  the  QDs  is  slow  due  to  the  “bottleneck  effects”  and 
reveals  a  stronger  temperature  dependence  which  is  determined  by  a  Bose  distribution  function  of 
longitudinal-acoustic  (LA)  phonons  nB  =[cxp(£/kT)-l]-\  following  the  former,®  x(«,  +1)"1.  S 

and  r'  denote  the  threshold  LA-phonon  energy  and  the  relaxation  time  for  T=0K.  tsc  and  E^  denote 
the  effective  scattering  time  from  the  QD  ground  state  into  the  barrier  states  and  the  energy  barrier  for 
the  thermal  emission  of  carriers,  respectively.  Our  study  of  the  thermal  activation  process  demonstrated 
that  the  InAs  wetting  layer  acts  as  a  barrier  for  the  thermal  emission  of  carriers  in  QDs.  Follows  from 
the  analysis  of  the  above  rate  equations  The  distribution  of  excitons  f  (E,T)  can  be  written  as: 

_ Xg  ( E  ,0) _ 

f  (  ’  )  II  +  or  -  a  exp(  -  1  +  P  «xp(  E  - 

where  X  =  C0r/re ,  a  =  rrVrt  and  =  T/r„  •  To  avoid  Auger  process  induced  carrier  scattering,  a 
veiy  low  excitation  power  of  0.2W/cm*  was  used  in  our  experiments,  and  the  corresponding  carrier 
density  is  estimated  to  be  not  larger  than  -6x10* cm'1,  i.e.  in  average  less  than  0.01  electron-hole  pairs 
per  dot.  Under  a  low  excitation,  the  capture  time  was  25~35ps,  while  the  relaxation  time  was  30~60ps 
rT  It  is  reasonable  to  assume  a  -  i  .  *(£,0)  is  determined  by  the  low  temperature  PL  spectra  and  the 
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energy  barrier  of  the  InAs  wetting  layer  with  l^eY*41  was  used  for  E^.  Considering  the  InAs  QD 
height  about  2.5nm  obtained  from  AFM  images,  we  obtain  e  =  3.0 meV  M.  Using  the  equation  (2)  to 
fit  the  temperature  dependence  of  PL  intensity  yields  the  value  being  the  same  order  as  that 

obtained  by  other  group  |7).  Considering  the  excitonic  lifetime  of  Ins,  the  effective  scattering  time  is 
~0.1fs,  which  is  apparently  shorter  than  the  value  obtained  in  InGaAs/GaAs  quantum  wells  t8].  Further 
study  is  needed  to  make  clear  the  physics  origin.  The  agreement  between  the  fit  and  experimental 
results  (Fig.  2)  indicates  that  the  phonon-related  processes  are  important  for  carrier  relaxation  in  InAs 
QDs.  The  carrier  relaxation  is  accelerated  by  the  temperature  increase  due  to  the  enhanced  Bose 
function  of  LA  phonons,  which  results  in  a  distinct  increase  of  the  PL  intensity  at  low  temperature 
range.  Using  the  same  set  of  parameters,  we  have  calculated  the  temperature  behaviors  of  the  peak 
energy  and  the  FWHM,  which  is  qualitatively  in  good  agreement  with  the  experimental  results  as 
shown  in  Fig.  3.  This  demonstrates  that  the  thermal  emission  of  carriers  out  of  the  QDs  is  the  dominant 
mechanism  leading  to  the  fast  red-shift  of  PL  eneigy  and  U-shaped  dependence  of  FWHM  with 
increasing  temperature.  The  difference  of  magnitude  partly  results  from  the  inter-dot  tunneling  transfer 
and  the  re-trapping  of  thermal  emitted  carriers  by  lower  energy  QDs  which  can  not  be  neglected  in  a 
given  temperature  range. 

HI.  CONCLUSION 

In  summary,  the  enhancement  of  the  PL  intensity  with  increasing  temperature  up  to  70K  was 
detected  under  low  excitation  power,  thus  suggesting  multi-phonon  processes  play  a  significant  role  for 
carrier  relaxation  in  InAs/GaAs  QD  structures.  Then  the  strong  temperature  dependence  of  PL  peak 
energy  and  line-width  could  be  well  understood. 

REFERENCES 

1. H.Bcnsty,  C.M.Sotomayor-Torres,  and  C.Weisbuch,  Phys.  Rev.  B44,  R10945  (1991). 

2. T.Inoshita  and  H.Sakaki,  Phys.  Rev.  B46, 7260  (1992). 

3. Al.L.Efros,  V. A.Kharchenko,  and  M.Rosen,  Solid  State  Commua  93, 281  (1995). 

4. QWang,  S.Fafard,  D.Leonard,  J.E.Bowers,  J.LMerz,  and  P.M.Petroff,  Appl.  Phys.  Lett  64. 1815  (1996). 

5. B.Ohnesorge,  M. Albrecht  J.Oshinowo,  A.Forchel,  and  Y.Arakawa,  Phys.  Rev.  B54, 11532  (1996). 

6.S.Sauvage,  P.Boucaud,  F.H.Julien,  J.-M.  Gerard,  and  J.-Y.Marzin,  J.  Appl.  Phys.  82, 3396  (1996). 

7. R.Leon,  D.R.M.Williams,  J.Krueger,  E.R. Weber,  and  M.R.Melloch,  Phys.  Rev.  B56,  R4336  (1997). 

8. GBacher,  H.Schweizer,  J.Kovac.  A-Forchel,  H.Nickel,  W.Schlapp  and  R.Losch,  Phys.  Rev,  B43, 9312  (1991). 


Kg.I  7K,  70K  and  130ft  PL  ipectni  of 
I.7ML  InAs/GaA*  attucture.  In  the  bud, 
the  hrmmeseence  from  InAs  QDs  It  70  K 
and  I30K.  were  energy  offset  to  account 
for  the  InAi  band-gap  variation  with 
temperature. 


fig.2  Temperature  dependence 
of  the  integrated  PL  intensity 
of  1  .TML  InAs  QDa. 


Fig .3  Temperature  dependence  of  the  PL  peak  energy  (a) 
and  the  PL  FWHM  (b)  of  1 .7ML  InA*  QD*. 
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ABSTRACT 

The  spectral  and  dynamic  properties  of  InAs/GaAs  MOCVD-grown 
vertically  stacked  quantum  dot  lasers  are  studied  experimentally.  A  strong 
mode  grouping  effect  (quasiperiodic  modulation  of  the  lasing  spectrum)  is 
observed  and  interpreted  as  a  result  of  wavelength-dependent  losses  in  the 
laser  waveguide  associated  with  substrate  leakage  and  reflection.  In 
relaxation  oscillation  pulse  trains,  a  substructure  is  observed  which  we 
believe  to  be  a  dynamic  manifestation  of  the  mode  grouping;  a  preliminary 
rate-equation  simulation  supports  this  interpretation. 

1.  INTRODUCTION 

Self-organized  growth  using  the  Stranski-Krastanow  mechanism  is  considered  to  be  the  most 
promising  technique  for  in-situ  fabrication  of  quantum  dot  arrays  as  a  semiconductor  laser  gain 
medium  [1,3],  Quantum  dot  (QD)  lasers  are  expected  to  exhibit  superior  lasing  properties  such 
as  low  threshold  current  density,  high  temperature  stability  of  the  threshold  currant,  high 
differential  gain,  wide  modulation  bandwidth  and  chirpfree  operation  under  direct  current 
modulation,  as  compared  to  quantum  well  lasers  [4,6].  The  introduction  of  vertically  coupled  QD 
layers  has  improved  the  lasing  performance  at  room  temperature  by  overcoming  the  gain 
saturation  effect  and  so  increasing  the  modal  gain  [7,8].  Some  recent  studies  [9],  however, 
suggest  that  an  important  limitation  to  the  high  frequency  behaviour  may  be  posed  by  the 
relatively  slow  carrier  capture  processes  due  to  the  phonon  bottleneck  problem  [10].  Preliminary 
studies  of  relaxation  oscillation  behaviour  at  various  temperatures  [9,11]  have  demonstrated 
relaxation  frequencies  of  the  order  of  5-10  GHz  for  vertically  stacked  QD  lasers  at  modest 
excitation  levels,  implying  that  the  differential  gain  values  are  in  the  range  of  10-14-1042  cm2. 
Further  characterisation  and  optimisation  of  the  high  frequency  response  of  the  QD  lasers  are, 
therefore,  important  tasks  for  understanding  the  underlying  physical  properties  and  for  assessing 
applications  in  the  high  speed  regime.  Spectral  properties  of  QD  lasers  have  also  been 
extensively  studied.  The  lasing  spectra  measured  in  these  devices  tend  to  be  much  broader  than 
those  usually  observed  in  quantum  well  and  bulk  active  media.  Several  groups  [14,15]  also 
observed  an  effect  of  mode  grouping,  i.e.  a  strong  periodic  or  quasi-periodic  modulation  of  the 
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spectral  shape.  However,  to  the  best  of  our  knowledge,  the  relation  between  the  dynamics  and 
spectra  of  QD  lasers  has  not  received  much  attention  to  date. 

In  this  paper  we  present  room-temperature  measurements  of  spectral  behaviour  and 
relaxation  transients  in  five-fold  stacked  InAs/GaAs  QD  lasers  with  4  nm  separation  layer 
thickness  grown  by  metalorganic  chemical  vapour  phase  deposition  (MOCVD).  The 
interrelation  between  dynamic  and  spectral  properties  of  the  QD  laser  emission  is  discussed.  An 
explanation  for  the  mode  grouping  observed  in  the  laser  spectra  is  given  in  terms  of  waveguiding 
phenomena,  and  a  simple  rate-equation  model  is  used  to  interpret  the  observed  dynamics. 

2.  STRUCTURE  GROWTH  AND  CHARACTERISATION 

The  vertically  stacked  quantum  dot  laser  heterostructure  was  grown  by  MOCVD  using  TMIn, 
TMGa,  TMA1,  DMZn,  SiH4  (2%  in  H2)  and  pure  AsH3  as  source  materials  on  exactly  (001)  ± 
0.1 0  oriented  GaAs  substrates  at  20  mbar  total  reactor  pressure.  The  growth  temperature  was 
640  °C  for  the  buffer  layer  and  485  °C  for  the  dot  and  cap  layers.  The  growth  was  interrupted 
for  8  s  after  InAs  deposition  to  allow  the  dots  to  form.  Then,  a  GaAs  cap  layer  was  deposited. 
The  growth  rate  for  die  QD  layer  was  1-2  monolayers  (MLs)  per  second.  The  cap  layer  growth 
was  interrupted  for  10s  following  4  nm  of  GaAs  deposition  and  the  consecutive  dot  layers  were 
grown.  The  optimum  V-HI  flux  ratio  during  InAs  deposition  is  40.  The  separate  confinement 
heterostructure  (SCH)  was  achieved  by  a  five-fold  QD  stack  embedded  in  a  140  nm  thick  GaAs 
waveguide  core  sandwiched  between  two  1  pm  thick  Alo.5Gao.5As  cladding  layers.  The  upper 
barriers  and  cladding  layers  were  grown  at  the  relatively  low  growth  temperatures  of  485  °C  and 
600°C  respectively,  to  avoid  degradation  of  the  dots  due  to  thermally  induced  intermixing  with 
the  GaAs  matrix.  On  top  of  the  cladding  layer,  a  Zn-doped  GaAs  contact  layer  of  600  nm 
thickness  was  grown  at  600  °C. 

Plan-view  and  cross-section  TEM  images  of  the  QD  samples  (taken  with  JEOL  JEM 1000  (1 
MV)  and  JEOL  JEM4000  (400  kV)  microscopes)  are  shown  in  Fig.  1,  The  image  in  Fig.  1(a) 
shows  a  dot  density  around  4  x  10^  cm'2  with  dots  having  a  lateral  size  of  15-18  nm.  The  dot 
bases  are  nearly  square-shaped,  oriented  along  <100>  and  with  a  slight  elongation  along  one  of 
the  <1 10>  directions.  The  increased  lateral  size  of  the  stacked  QDs  can  be  clearly  observed  in  the 
dark  field  cross-section  image.  Fig.  1(b).  The  lower  InAs  sheet  indicates  only  small  thickness 
variations  that  develop  into  vertically  aligned  QDs  in  the  second  and  subsequent  layers.  The 
small  dots  in  the  first  InAs  sheet  do  not  corrugate  the  wetting  layer  of  the  second  sheet 
significantly.  Thus  the  effect  of  vertical  alignment  can  be  attributed  to  the  attractive  local  strain 
field  of  the  small  dots  in  the  first  sheet  enhancing  the  QD  nucleation  probability  [12].  In  contrast, 
the  deposition  of  second  and  third  dot  layers  leads  to  a  bending  of  the  surface  by  1-2  nm  on  top 
of  each  QD  column.  This  effect  leads  to  pronounced  bending  of  the  AlGaAs  layer  (white 
contrast)  25  nm  above  the  topmost  dot  sheet  as  shown  in  Fig.  1(b).  This  very  slow  smoothing  of 
the  growth  surface  is  in  clear  contrast  to  observations  for  the  MBE  case,  where  efficient 
smoothing  of  the  growth  surface  has  been  achieved  [13]. 

Photoluminescence  (PL)  measurements  were  carried  out  with  the  514  nm  line  of  an  Argon-ion 
laser  in  the  temperature  range  of  8  K  to  300  K.  The  luminescence  was  detected  using  a  liquid 
nitrogen  cooled  germanium  pin  diode.  Room  temperature  photoluminescence  for  this 
heterostructure  is  shown  in  Figure  2.  The  PL  peak  is  at  1.075  eV  with  a  linewidth  (FWHM) 
around  95  meV.  This  reflects  the  non-uniformity  in  dot  size  and  shape. 
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3.  LASER  FABRICATION  AND  CHARACTERISATION 


Ridge  waveguide  lasers  were  fabricated  from  vertically  stacked  QD  SCH  layers,  using  standard 
photolithography,  SiC4  dry  etching,  Si02  lift-off  process  and  metallisation.  The  ridge 
waveguide  is  4  pm  wide  and  dry  etched  to  a  depth  of  1.46  pm.  The  sample  was  thinned  to 
approximately  180  pm  and  Ti/Pd/Au  p-type,  and  Au/Ge/Au/Ni/Au  n-type  contacts  were 
deposited  by  electron  beam  evaporation.  The  samples  were  cleaved  to  give  device  lengths  ranging 
from  500  pm  to  1.5mm.  The  lasers  were  characterised  using  a  current  source  with  400  ns  long 
pulses  and  a  0.04%  duty  cycle.  The  devices  showed  a  turn-voltage  of  1.3V  and  forward 
resistance  of  6-10Q.  The  light-current  characteristics  in  Figure  3  show  a  relatively  high  threshold 
current  density  of  4.4kA/cm2  for  a  1350  pm  long  device  at  room  temperature.  The  internal 
quantum  efficiency  rft  was  calculated  from  the  plot  of  laser  cavity  length  ( L )  against  the  inverse 
of  the  external  quantum  efficiency  as  described  by  the  widely  used  formula  [see,  e.g.,  1 1]: 


Vex 


Vi  \vMR\ 


(1) 


The  slope  of  the  graph  yields  an  internal  quantum  efficiency  of  60-80  %  and  an  internal  optical 
loss  a  =  10  cm'l,  assuming  a  reflection  coefficient  72=0.3  at  the  facets.  The  low  dot  density  as 
well  as  low  temperature  growth  of  GaAs  barrier  and  AlGaAs  cladding  layers  may  cause  earner 
evaporation  at  higher  temperature,  thus  leading  to  an  increase  of  the  threshold  current  and  a 
decrease  in  internal  efficiency  in  these  yet  unoptimised  structures  [6];  current  spreading  is 
another  probable  reason  for  an  increase  in  the  threshold  current. 


4.  SPECTRAL  PROPERTIES  OF  THE  LASERS 


4.1.  Experimental 

Figure  4  shows  the  spectral  characteristics  of  a  1000  pm  long  laser  sample.  The  emission  occurs 
in  the  higher  energy  side  of  the  PL  peak  (at  \=1076  ran,  i.e.  E»1.15  eV).  This  indicates  that 
excited  dot  states  can  be  contributing  to  room  temperature  lasing  process  (although  other  effects, 
such  as  the  wavelength  dependence  of  the  mode  confinement  factor,  may  also  contribute  to  the 
wavelength  difference  between  the  PL  peak  and  the  lasing  line).  The  spectra  contain  several 
groups  of  longitudinal  modes  which  are  separated  by  approximately  2  nm  (i.e.  about  7 
intermodal  intervals)  and  are  excited  one  by  one  with  increasing  bias  current  (note  that  in  Fig.4, 
the  groups  are  seen  as  broadened  "modes"  due  to  the  resolution  of  the  spectrum  analyser).  Other 
workers  have  reported  similar  behaviour  [14,15].  A  strong  modulation  was  also  observed  in  the 
spectrum  of  a  1350  pm  long  laser,  but  with  a  less  regular  structure. 

4.2.  Discussion 

We  believe  the  most  probable  origin  of  the  mode  grouping  effect  [16,17]  lies  in  the  waveguide 
peculiarities  of  the  GaAs/InGaAs  lasers.  The  effect  was  first  studied  for  the  case  of  quantum- 
well  lasers  [17];  it  may  be  explained  as  follows  [16]: 

The  waveguide  transverse  mode  decays  exponentially  in  the  semi-infinite  cladding  layers  of  the 
laser  waveguide  (Fig.  5).  A  typical  cladding  layer  thickness  in  a  semiconductor  laser,  {dc~  1- 
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2  pm,  1  pm  in  our  structure)  is  sufficiently  wide  to  form  a  good  waveguide  mode,  almost 
identical  to  that  of  an  ideal  waveguide.  Nevertheless,  the  waveguide  mode  has  a  finite  magnitude, 
~exp(-pdc)  at  the  edge  of  the  cladding  layer,  where  p  is  the  inverse  decay  length  (p~  5  pm'1  in  the 
laser  structure  studied  here).  A  small  fraction  of  the  mode  will  then  leak  out  of  the  cladding, 
propagating  as  Cexp(igx)  through  the  transparent  substrate  of  thickness  K  (Fig.5).  Part  of  this 
leaking  mode  is  reflected  back  from  the  bottom  of  the  substrate,  returning  towards  the  cladding 
with  an  amplitude  Dexp(-iqx),  where  (Z)|=r|C|,  r  being  an  effective  reflection  coefficient  assigned 
to  the  substrate  bottom  [17].  The  net  loss,  Aa,,  associated  with  leakage  into  the  substrate  is  then 
proportional  to  |C|2  -\D\2.  By  assuming  continuity  of  the  mode  profile  and  its  derivative, 
Arzhanov  et  al.  [17]  showed  that 


Acts(X)  =  Aa0 


exp(-2;x/c)(l-r2) 

1  +  r 2  -  2r  cos (y/  -  <p(/ 1)) 


(2) 


where  cp(X)  =  2qh3  +  q>o,  exp(i  y/)  -  (p+iq)/(p-iq),  and  (po  is  the  effective  phase  shift  due  to 
reflection  from  the  substrate  bottom.  The  prefactor,  Acto,  is  of  order  \idejr,  d.ff  being  the  effective 
transverse  size  of  the  mode.  As  d,ff  is  typically  ~  1  pm  in  a  GaAs/AlGaAs  laser,  this  gives 
Aao~104  cm'1.  We  see  from  (2)  that  the  leakage-related  loss  is  modulated  as  the  substrate 
pathlength,  q>(X),  changes.  This  results  in  a  modulation  in  the  net  modal  gain  gm(X)«rg-Aa,-a0, 
where  T  is  the  optical  confinement  factor,  g  is  the  material  gain  and  (Xo  denotes  other  losses  in  the 
cavity.  The  loss  modulation  depth,  Sas  -  A  ajnax  -  Aa™  >  is  given  by 


Sa=Aar  = 


4rAa0  exp(-2 pdc) 
1  -r2 


(3) 


For  simple  ‘"three-layer”  waveguides  of  the  type  shown  in  Fig.5,  analytical  results  obtained  using 
eqs.  (2-3)  are  in  excellent  agreement  (to  within  a  relative  accuracy  <  0.01)  with  a  numerical 
calculation  using  a  transfer  matrix  approach  [18].  We  therefore  used  the  numerical  model  to 
calculate  the  loss  modulation  in  our  somewhat  more  complicated  structures.  We  also  pointed  out 
in  [16]  that,  in  addition  to  the  wavelength-dependent  loss  term,  the  substrate  leakage  and 
interference  result  in  a  modulation  AT  =  T  -  r0  of  the  optical  confinement,  T0  being  the  value 
calculated  without  leakage.  This  effect,  which  increases  with  substrate  thickness,  was  not 
considered  in  [17]  but  can  be  clearly  understood:  as  the  intensity  of  the  field  increases  in  the 
substrate,  the  field  intensity  and  hence  F  must  decrease  in  the  active  region.  Our  numerical 
simulations  show  that  the  resulting  modal  gain  modulation  AFg  (g  being  the  material  gain  at 
threshold)  is  approximately  proportional,  and  of  comparable  magnitude,  to  Aa  for  a  typical 
structure  of  the  type  discussed  above  (Fig.6).  The  total  modal  gain  modulation  is  Agm(X)  *  ATg  - 
Acts ;  the  amplitude  values  of  0.2  cm'1  (Fig.6)  constitute  about  1%  of  the  total  cavity  loss  (about 
20  cm'1  for  the  laser  structure  studied  here).  It  is  well  known  in  the  theory  of  semiconductor 
lasers  [18]  that  a  net  gain  modulation  as  small  as  <  0.1%  of  the  threshold  loss  translates  into  very 
significant  modulation  of  the  CW  output  spectra;  therefore,  the  magnitude  of  the  observed  effect 
is  sufficient  to  cause  the  mode  grouping  seen  in  the  experiments.  As  regards  the  modal  gain 
modulation  period  AX,  it  easily  follows  from  Eqs.  (2)-(3)  that  it  is  inversely  proportional  to  the 
substrate  thickness  h, :  AX  =  iOJqh„ .  With  the  material  and  waveguide  parameters  used  in  this 
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work,  a  modulation  period  of  2-3  nm  corresponds  to  a  substrate  200-300  pm  thick,  in  agreement 
with  what  is  commonly  obtained  by  substrate  thinning. 


Although  modal  gain  modulation  due  to  substrate  leakage  has  been  observed  [17]  in 
InGaAs/AlGaAs  quantum  well  lasers,  the  mode  grouping  in  these  lasers  is  not  very  pronounced; 
instead,  nearly  single-mode  spectra  with  some  mode  hopping  have  been  observed.  However,  we 
can  expect  the  problem  to  be  more  marked  in  InGaAs/AlGaAs  quantum  dot  lasers.  Indeed,  in 
general,  two  main  effects  may  contribute  to  the  onset  of  lasing  in  an  increasingly  large  number  of 
longitudinal  modes.  The  first  effect  is  short-scale  spatial  hole  burning,  caused  by  depletion  of 
population  inversion  in  the  antinodes  of  the  standing  wave(s)  corresponding  to  the  longitudinal 
mode(s)  lasing  initially.  For  bulk  and  quantum  well  semiconductor  lasers,  the  effect  is  known  to 
be  relatively  weak  because  of  the  diffusion  smoothing  of  the  resulting  carrier  density  modulation. 
However,  in  quantum  dot  lasers,  where  carriers  are  spatially  localised  and  diffusion  insignificant, 
hole  burning  may  be  expected  to  be  very  strong  -  in  common  with  solid-state  lasers  and  in 
contrast  to  other  semiconductor  active  media.  Asryan  and  Suris  [19]  have  recently  developed  a 
quantitative  theory  of  this  effect  and  estimated  that  for  realistic  laser  parameters,  the  second 
longitudinal  mode  may  be  expected  to  lase  at  currents  exceeding  the  threshold  value  by  less  than 
1%.  The  second  effect  governing  multimode  emission  is  spectral  hole  burning,  caused  by 
depletion  of  population  inversion  in  those  dots  whose  electron-hole  level  separation  is  resonant 
with  the  lasing  mode  energy.  This  effect,  too,  may  be  expected  to  be  several  orders  of  magnitude 
stronger  in  quantum  dots  than  it  is  in  bulk  or  QW  semiconductor  media  because  of  the  absence  of 
fast  energy  relaxation  of  localised  carriers. 

It  follows  from  the  discussion  above  that  the  inter-group  modulation  can  be  eliminated  by 
increasing  the  cladding  layer  thickness.  Indeed,  experimentally,  we  observed  no  mode  grouping 
in  lasers  with  cladding  layers  1.8  pm  thick. 

We  note  also  that  the  non-ideal  periodicity  of  modulation  of  the  modal  gain  was  attributed  in  [17] 
to  uncontrollable  variations  of  the  substrate  thickness.  This  is  consistent  with  the  fact  that  in  our 
measurements,  the  shorter  1000  pm  laser  demonstrates  the  effect  of  mode  grouping  very  clearly, 
whereas  in  the  longer  1350  pm  laser  (where  the  effect  of  the  variation  of  substrate  thickness  may 
be  expected  to  be  stronger)  we  observe  a  less  regular  mode  group  structure. 

5.  DYNAMIC  PROPERTIES 
5.1.  Experimental 

Large-signal  relaxation  oscillations  were  studied  at  room  temperature  in  a  1350  pm-long  laser. 
The  sample  was  driven  by  3  ns  long  pulses  with  a  rise  time  of  450ps  at  a  repetition  frequency  of 
1.17  MHz.  The  temporal  output  was  observed  using  a  Hamamatsu  streak  camera  with  a  time 
resolution  of  2ps.  The  relaxation  transients,  for  increasing  injection  currents  above  threshold,  are 
shown  in  Figure  7.  We  note  that  even  at  low  currents,  relaxation  peaks  have  a  clear  sub¬ 
structure  as  if  two  relaxation  processes  have  been  superimposed  on  each  other.  This  makes  clear 
determination  of  the  repetition  frequency  from  the  relaxation  oscillation  train  difficult, 
particularly  at  higher  pumping  currents  where  the  substructure  becomes  so  pronounced  that  it 
virtually  obscures  the  relaxation  process  as  such,  resulting  in  a  very  smeared  aperiodic  structure. 


Electrochemical  Society  Proceedings  Volume  98-19 


324 


Close  to  threshold,  an  estimate  of  the  distance  between  the  clearly  pronounced  peaks  gives  a 
relaxation  frequency  around  1  GHz. 

5.2.  Simplified  Model  and  Interpretation 

A  full  theoretical  description  of  a  ridge-  stripe  quantum  dot  laser  dynamics  would  need  to 
describe  the  dynamics  of  a  large  number  of  longitudinal  modes  and  more  than  one  lateral  mode, 
with  an  adequate  account  for  the  wavelength-dependent  waveguide  properties  as  described  above. 
It  would  also  require  an  accurate  account  to  be  taken  of  the  processes  of  carrier  capture,  energy 
and  coherence  relaxation,  including  excited  state  filling,  as  well  as  spectral  and  spatial  hole 
burning.  While  such  a  complex  model  is  currently  being  developed,  here  we  have  used  a 
simplified,  semi-qualitative  rate  equation  model  to  gain  some  insight  and  help  interpret  the 
results.  We  take  into  account  the  presence  of  the  experimentally  observed  mode  grouping  effect 
by  considering  two  “modes”,  with  intensities  Sh  S2  each  of  them  corresponding  to  one  of  the 
experimentally  observed  mode  groups.  Moreover,  we  allow  each  of  these  modes  to  be  associated 
mainly  with  a  group  of  dots  (“carriers”)  with  densities  N\  N2  respectively.  Then,  we  write  a  set 
of  ordinary  differential  equations  for  N\i2  and  5  u : 


^LL  =  ^L1_^L_4  (AT  N) - £« - + 

dt  ed  r  '  '■  \+e.Sl2  +£,S21 

A.?  ,(r,AW.-^)  T 

dt  x  [l  +  e,Su+«,S„  xph 


N2J-NK2 


Su 


(4a) 


(4b) 


Eq.  (4)  are  identical  to  those  usually  applied  to  modelling  semiconductor  lasers  (see  e.g.  [18]) 
apart  from  the  last  term  in  (4a)  that  contains  a  phenomenologically  introduced  time  of  energy 
relaxation  between  dots  z„t.  The  other  notations  above  have  their  standard  meaning,  J  standing 
for  the  pumping  current,  d  for  the  thickness  of  the  active  (dot-containing)  layer,  Nt  for  the 
transparency  carrier  density,  e,  and  s*  for  the  self-and  cross-saturation  coefficients  (we  assume  £x 
«<  Ss,  as  may  be  expected  with  hole  burning  nonlinearities).  The  time  constants  z  and  zph  are 
the  carrier  and  photon  lifetimes  respectively.  The  exact  physical  nature  of  the  two  groups  of  dots 
is  not  specified  in  this  model;  there  are,  in  principle,  two  ways  in  which  these  groups  may  be 
distinct  from  each  other.  Firstly,  because  of  the  wavelengh  separation,  it  is  clear  that  they  are 
separated  in  dot  energy.  Secondly,  earlier  experimental  studies  that  exhibited  the  mode  grouping 
effect  [14]  also  showed  that  different  groups  of  longitudinal  modes  tend  to  have  different  lateral 
(in-plane)  mode  composition,  which  means  that  the  dots  interacting  with  different  groups  are 
separated  at  least  partly  in  space.  Therefore,  in  (4),  the  values  ri=0. 02x0.8;  r2=0.02x0.7  have 
been  used  for  the  coefficients  of  the  mode  overlap  with  the  dot-containing  region,  i.e.  it  has  been 
assumed  that  the  groups  of  longitudinal  modes  belong  to  the  same  transverse  mode,  but  different 
lateral  modes.  Other  important  parameters  include  carrier  lifetimes  t=2  ns  and  the  gain  cross 
sections  Ai=A2=(c/«)-1-10'13  cm  .  The  phenomenologically  introduced  time  of  energy  relaxation 
between  dots  r„i  was  treated  as  a  free  parameter. 

Typical  simulation  results  are  shown  in  Figure  8(a)  and  8(b).  Both  cases  show  the  transient 
response  of  a  laser  pumped  by  a  3  ns  long  pumping  pulse  with  an  amplitude  1.6  times  above 
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threshold.  The  difference  between  the  two  cases  is  that  to  simulate  the  process  shown  in  Fig. 8a, 
the  relaxation  time  was  set  as  Tnf=  30  ps,  meaning  that  the  two  groups  of  modes  compete  for 
essentially  the  same  carrier  density  (as  is  the  case  for  longitudinal  modes  in  a  standard  narrow- 
stripe  laser),  whereas  Fig.  8b  was  calculated  with  Tnf=  3  ns,  meaning  that  the  groups  of  modes  are 
coupled  with  significantly  different  groups  of  dots  (“carriers”)  which  are  essentially  isolated  from 
each  other.  It  can  be  seen  from  Fig.  8  that  the  experimentally  observed  substructure  in  the 
relaxation  oscillation  train  is  completely  inconsistent  with  the  simulation  shown  in  Fig.  8(a)  yet  is 
reasonably  similar  to  that  shown  in  Fig.  8(b).  In  principle,  the  time  of  interaction  between  the  two 
groups  of  dots  of  the  order  of  >  1  ns  may  be  associated  with  the  energy  level  separation 
between  the  dots  in  the  two  groups  (then  the  time  r„i  is  the  characteristic  time  of  interaction 
between  dots,  either  through  tunnelling  or  escape  and  recapture).  Alternatively,  the  long 
relaxation  time  may  be  due  to  spatial  separation  because  of  the  predominant  interaction  with 
different  lateral  modes  in  different  mode  groups  (the  time  r„;  being  the  time  of  diffusion  of  free 
carriers  in  the  material  surrounding  the  dots  across  the  stripe).  Further  experiments  are  necessary 
to  determine  which  of  the  two  effects  is  more  important. 

6.  DISCUSSION  AND  CONCLUSIONS 

A  comparison  of  the  spectral  and  dynamical  properties  of  the  laser  shows  that  mode  grouping 
significantly  degrades  the  high-frequency  performance  of  a  QD  laser  and  should  be  eliminated  in 
any  laser  intended  for  any  high-frequency  applications.  Analysis  suggests  that  this  could  be 
achieved  relatively  easily  by  careful  optimisation  of  the  waveguide  structure  (mainly  by  ensuring 
that  the  cladding  layers  are  sufficiently  thick).  On  the  other  hand,  control  of  waveguide  selectivity 
in  a  quantum-dot  laser  could  be  both  put  to  practical  use  (for  engineering  the  spectral  shape)  and 
used  as  an  investigation  tool,  e.g.  to  quantify  the  effects  of  spectral  and  spatial  hole  burning  in 
quantum  dot  lasers  and  extract  the  relevant  parameters. 
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FIGURES: 


Flg.l:  Plan  view  (left)  and  cross  section  (right)  TEM  images  of  vertically  stacked 
[nAs/GaAs  quantum  dot  structure  with  4  tun  separation  layer  thickness. 


Fig.2:  Room  temperature  photoluminescence  spectrum  of  InAs/GaAs  stacked  QDs. 


Flg.3:  Light-current  characteristics  of  1.35  mm  long  and  4  pm  wide  QD  ridge  waveguide  laser 
at  room  temperature. 
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Fig.4:  Pulsed  spectrum  of  1000  pm  long  and  4  pm  wide  QD  ridge  waveguide  QD  laser  with 
increasing  bias  current  at  room  temperature. 
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Fig.5:  Illustration  of  mode  selectivity  by  substrate  leakage  and  reflection  in  a  laser  waveguide; 


Fig.6:  Calculated  contributions  of  leakage  loss  and  confinement  factor  modulation  to  total  net 
gain  modulation  in  a  quantum-dot  laser.  Top  line:  total  net  gain  modulation;  bottom  line:  leakage 
loss  contribution;  middle  line  :  confinement  modulation  contribution. 
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Fig.7:  Measured  temporal  response  of  1350  pm  long  and  4  pm  wide  QD  ridge  waveguide  laser 
with  increasing  injection  current  at  room  temperature  (observed  by  streak  camera ) 
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Fig.8:  Simulated  temporal  response  of  a  laser  measured  in  Fig.6,  pumped  by  a  3  ns  long  current 
pulse  with  an  amplitude  1.6  times  threshold  current.  Relaxation  time  between  groups  of  dots  30 
ps  (a),  3  ns  (b). 
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ABSTRACT 

Periodic  array  structures  consisting  of  100-nm-scale  and  200-nm-scale  in 
Si  substrates  can  be  fabricated  by  combining  the  self-assembly  of  polystyrene 
spheres  with  reactive  ion  etching.  We  show  here  that  the  period  and  hole 
size  can  be  determined  independently.  This  relatively  low  cost  and  easy  to 
use  fabrication  method  is  applicable  in  many  areas  of  science  and  technology. 


INTRODUCTION 

Nanoscale  periodic  structures  have  many  potential  applications  not  only  in  technological 
area,  such  as  high-density  magnetic  recording  u,  arrays  of  field  emitters  for  flat  panel 
display  3'4,  biotechnology  5’6,  but  also  in  scientific  areas  such  as  electron  confinement 7,s. 
Electron  beam  lithography  is  commonly  used 1,9  to  obtain  nano-scale  periodic  structures, 
and  ion-beam  lithography  10,n,  X-ray  lithography l2,  and  electron  holographic  lithography 
13  can  also  be  used.  These  methods  can  be  used  to  fabricate  periodic  structures  of 
arbitrary  sizes  and  covering  relatively  wide  areas,  but  the  equipment  required  is  huge  and 
expensive.  Laser  interference  lithography  is  a  remarkable  method  for  making  nanoscale 
structures  covering  wide  areas  14’,5,,6’,7  but  it  is  subject  to-  a  size  limitation  determined  by 
the  wavelength  of  the  light. 

Some  fabrication  techniques  exploiting  self  assembly  have  been  proposed.  For  instance, 
nanochannel  array  grass  18,  self-assembled  colloidal  particles  l9,20,21,  anodic  alumina  22, 
and  so  on  are  available.  Though  they  are  relatively  easy  to  use  and  their  costs  are  low, 
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their  application  range  has  been  limited  because  the  geometric  parameters  of  the  arrays 
they  produce  can  not  be  altered  in  a  controlled  way.  Although  a  distinctive  improvement 
of  anodic  alumina  is  proposed 23  to  add  them  a  controllability,  they  need  a  electron  beam 
lithography  system  to  obtain  a  original  mold.  In  this  paper  we  describe  a  size-controllable 
nanostructure  array  fabrication  process  exploiting  the  self-assembly  of  polystyrene  spheres. 


APPROACH  AND  RESULTS 

Figure  1  shows  schematic  top  and  cross-sectional  views  illustrating  the  fabrication 
process.  Because  an  orderly  arrangement  of  spheres  can  not  be  obtained  unless  the 
substrate  surface  is  hydrophilic  and  clean  20,  the  Si  substrate  is  first  washed  in  acetone 
and  pure  water  using  ultrasonic  agitation.  Polystyrene  spheres  are  then  arranged  on  the 
substrate  by  pouring  on  a  colloidal  suspension  diluted  with  pure  water  (Fig.  1(a)).  The 
aligned  polystyrene  spheres  are  then  thinned  by  oxygen  reactive  ion  etching  (RIE).  Since 
oxygen  ions  react  with  organic  substances  more  than  inorganic  substances,  the  polystyrene 
spheres  are  etched  selectively  and  the  substrate  remains  almost  unetched  (Fig.  1(b)). 
Metal  is  then  sputter-evaporated  onto  the  surface  (Fig.  1(c)),  and  the  metal-covered 
spheres  are  removed  to  form  a  mask  for  making  holes  (Fig.  1(d)).  Then  the  sample  is 
etched  with  mixture  of  carbon  fluoride  and  oxygen  gasses,  which  form  a  nanohole  array 
by  selectively  etching  the  substrate  (Fig.  1(e)). 

The  period  of  the  array  is  obviously  determined  by  the  original  diameter  of  the  sphere, 
and  the  depth  of  the  holes  is  determined  by  the  time  of  carbon  fluoride  RIE.  Because  the 
hole  diameter  depends  on  the  size  of  the  thinned  polystyrene  spheres,  it  can  be  controlled 
by  changing  the  oxygen  RIE  condition. 

Assuming  that  the  vertical  etching  rate  is  independent  of  surface  position  on  the 
polystyrene  sphere,  we  can  easily  evaluate  the  relation  between  the  diameter  of  the 
thinned  sphere  and  degree  of  the  oxygen  etching.  Figure  2  shows  the  model  of  oxygen 
RIE.  In  Fig.  2(b)  the  upper  surface  of  the  etched  sphere  is  represented  by  the  surface  of  a 
sphere  obtained  by  moving  the  original  sphere  downwards  by  distance  a  corresponding 
to  the  etched  thickness.  Denoting  the  initial  radius  of  the  sphere  as  r0 ,  the  radius  of  the 
thinned  spheres  as  r,  and  the  angle  between  a  horizontal  line  and  the  line  connecting  the 
center  of  the  original  sphere  and  the  outermost  edge  of  the  thinned  sphere  as  0 ,  we  can 
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write  the  relation  between  r  and  a  as 


rsroCOsCarcsinCa^r^).  (1) 

Although  the  value  of  a  depends  on  the  many  etching  condition,  it  is  reasonable  to 
assume  that  a  is  proportional  to  the  etching  time  t  when  the  other  conditions  are  fixed. 
Thus 

a  =  v  t, 

where  v  is  the  etching  velocity  for  the  given  etching  conditions.  Consequently,  we  can 
obtain 

r=  r0 cos  (arcsin(  v tl2r0 )) ,  (2) 

which  means  that  the  hole  diameter  can  be  controlled  by  changing  the  oxygen  REE  time. 

To  substantiate  this,  we  used  polystyrene  spheres  200  nm  in  diameter  to  fabricate 
nano-hole  arrays  with  holes  of  different  diameters  24.  Scanning  electron  microscope 
(SEM)  images  (not  of  the  same  area)  of  each  process  step  are  shown  in  Fig.  3  24.  Figure 
3(a)  shows  the  polystyrene  spheres  arranged  in  a  close-packed  hexagonal  array,  and  Fig. 
3(b)  shows  the  spheres  after  they  were  thinned  by  REE  with  oxygen  160  mW/cm2,  5  Pa, 
90  s.  This  etching  resulted  in  spheres  with  an  average  diameter  of  82  nm.  Onto  this 
surface,  Pd-Pt  alloy  was  sputter-evaporated  to  a  thickness  of  5  nm.  The  spheres  were 
then  removed  by  rubbing  the  sample  surface  with  an  acetone-soaked  cotton  bud  (Fig. 
3(c)),  and  the  sample  was  etched  by  RIE  with  a  mixture  of  CF4  and  oxygen  gas  80 
mW/cm2,  2  Pa,  300  s.  This  resulted  in  an  array  the  period  of  which  was  200  nm  (2.8  G 
holes/cm2)  and  in  which  the  average  diameter  of  the  holes  was  83  nm.  Figure  3(e)  is  a 
cross  sectional  view  of  the  hole  array.  It  shows  that  hole  depth  is  57  nm,  the  side  walls 
are  nearly  vertical,  and  the  bottoms  of  the  holes  are  flat. 

Figure  4  shows  a  hole  array  fabricated  by  using  the  same  process,  except  that  the 
oxygen  REE  time  had  changed  from  90  s  to  60  s  24.  The  period  was  the  same,  but  the 
average  hole  diameter  was  157  nm  . 

To  find  out  weather  Eq.  (2)  represents  the  etching  process  well,  we  fitted  the  experimental 
results  showing  in  Figs.  3  and  4  with  v  as  a  fitting  parameter.  Figure  5  shows  the  fitted 
result  for  the  relation  between  oxygen  REE  time  and  thinned  sphere  diameter 24.  As 
shown  by  the  line,  Eq.  (2)  reproduces  the  experimental  data  well  when  v  =  4.0  nm/s.  The 
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value  of  v  depends  on  the  oxygen  RIE  condition,  such  as  temperature,  gas  pressure,  and 
incident  power. 

To  obtain  smaller  holes  and  a  more  dense  periodic  structure,  we  tried  to  fabricate  by 
using  smaller  spheres.  Figure  6  shows  the  SEM  images  (not  of  the  same  area)  of  the 
sample  at  various  steps  in  a  fabrication  process  starting  with  100-nm-diameter  polystyrene 
spheres.  Fabrication  steps  in  Figs.  6  (a)-(d)  corresponds  to  those  in  Figs.  3  (a)-(d).  The 
initial  sphere  array  on  the  Si  substrate  (Fig.  6(a))  was  etched  with  oxygen  RIE  at  80 
mW/cm2,  5  Pa,  for  60  s  (Fig.  6(b)).  Pt-Pd  was  sputter-evaporated  onto  the  surface,  and 
thinned  spheres  were  removed  (Fig.  6(c)).  CF4  RIE  resulted  in  a  hole  array  the  period  of 
which  was  100  nm  (11.5  G  holes/cm2)  and  in  which  the  average  hole  diameter  was  45 
nm  (Fig.  6(d)).  By  changing  the  oxygen  RIE  time,  we  could  obtain  an  array  of  thinned 
spheres  with  different  average  diameter  array  (Fig.  6(e)). 

Figure  6(d)  shows  that  the  diameter  of  the  hole  is  not  uniform,  and  this  irregularity 
can  be  attributed  to  the  variation  of  initial  diameter  of  the  polystyrene  spheres.  For  the 
spheres  available  commercially,  the  smaller  the  diameter,  the  larger  the  relative  standard 
deviation  of  the  sphere  diameter.  In  our  experiment,  the  relative  nominal  standard  deviations 
were  5%  for  200-nm  spheres  and  10%  for  100-nm  spheres.  Thus  the  ranges  of  the  initial 
diameter  of  nominally  200-nm  and  100-nm  spheres  were  190-210  nm  and  90-110  nm. 
Figure  7  shows  the  relation,  calculated  from  Eq.  (2),  between  oxygen  RIE  time  and 
diameter  for  spheres  with  initial  diameters  in  the  upper ,  middle,  and  lower  parts  of  these 
ranges.  The  line  for  100-nm-diameter  spheres  in  Fig.  7(a)  was  calculated  for  v  =  3.0, 
which  was  obtained  by  the  fit  to  the  average  sphere  diameters  in  Figs.  6(a)  and  (b). 
Although  we  tried  to  keep  the  same  RIE  condition  for  the  samples  shown  in  Figs.  2(b) 
and  6(b),  the  v=  3.0  nm/s  obtained  for  Fig.  6(b)  is  a  little  smaller  than  the  v  =  4.0  nm/s 
obtained  for  Fig.  2(b).  The  discrepancy  might  be  due  to  a  difference  in  temperature, 
which  we  did  not  control.  The  v  =  3.0  nm/s  was  also  used  for  the  calculation  of  the  RIE 
time  dependences  of  spheres  90  nm  and  110  nm  in  diameter,  and  the  results  are  shown 
by  lines  in  Fig  7(a).  The  v  =  4.0  nm/s  was  used  for  the  calculation  of  the  RIE  time 
dependences  of  spheres  190  nm  and  210  nm  in  diameter,  and  the  results  are  shown 
together  with  the  result  for  200-nm  spheres  by  lines  in  Fig  7(b).  In  Fig.  7(a)  it  can  be 
seen  that  the  diameters  of  spheres  etched  for  60  s  ranged  from  14  nm  to  65  nm.  This 
range  of  the  diameters  coincides  well  with  the  experimental  result,  17-62  nm,  in  Fig. 


Electrochemical  Society  Proceedings  Volume  98-19 


338 


6(b).  As  shown  in  Fig.  7(b),  the  diameters  of  200-nm  spheres  etched  for  90  s  should 
range  from  57  nm  to  106  nm.  The  range  measured  from  Fig.  3(b),  however,  is  smaller 
than  this.  One  explanation  of  this  discrepancy  might  be  that  the  initial  variation  was 
actually  smaller  than  the  nominal  value  of  5%.  From  Fig.  7  we  can  see  that  the  relative 
variation  of  hole  size  becomes  larger  when  rlr0  is  smaller. 

The  use  of  100-nm-diameter  spheres  for  fabricating  hole  array  causes  more  lattice 
defects,  some  of  which  are  seen  in  Fig.  6,  than  does  the  use  of  200-nm-diameter  spheres. 
The  cause  of  the  defects  is  thought  to  be  larger  dispersion  of  diameters  of  100-nm 
spheres.  Applying  an  electric  field  might  reduce  the  number  of  defects  as  shown  by  Trau 
et  al 25,  even  for  larger  dispersion  of  the  spheres  diameters. 

From  the  discussion  above,  we  can  see  that  spheres  with  uniform  diameters  are 
necessary  for  obtaining  arrays  of  holes  the  same  size.  The  required  standard  deviation  of 
sphere  diameter  depends  on  required  dispersion  of  the  hole  diameter  and  the  area  of 
ordered  array. 


SUMMARY 

We  have  developed  a  fabrication  technique  combining  the  self  assembly  of  polystyrene 
spheres  and  reactive  ion  etching  and  have  demonstrated  the  fabrication  on  silicon  substrates 
of  hole  arrays  with  period  of  100  nm  (1 1.5  G  holes/cm2)  and  200  nm  (2.8  G  holes/cm2). 
This  method  enables  the  array  period  and  hole  size  to  be  adjusted  independently  and 
therefore  would  be  applicable  in  many  areas  of  science  and  technology.  Hole  diameter, 
however,  varies  as  a  result  of  the  variation  of  the  size  of  the  original  spheres.  To  obtain 
highly  ordered  arrays  of  holes  that  are  the  same  size,  we  therefore  need  initial  polystyrene 
spheres  of  uniform  size. 
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Figure  1:  Schematic  diagram  of  the  fabrication  process  (top  and  cross- 
sectional  view),  (a)  Arrangement  of  polystyrene  spheres,  (b)  Thinning 
of  spheres  by  reactive  ion  etching  (RIE)  with  oxygen,  (c)  Sputter- 
evaporation  of  metal,  (d)  After  removal  of  spheres,  (e)  hole  array 
formed  by  CF4  RIE. 
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Figure  2:  Schematic  side  view  of  simplified  model  assuming  that 
vertical  etching  rate  is  independent  of  surface  position:  (a)  Before 
RIE.(b)  After  RIE. 
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83  nm  200  nm 


Figure  3:  SEM  images  of  the  sample  at  each  fabrication  process 
step:  (a)  Arrangement  of  polystyrene  spheres  (original  sphere 
diameter  is  200  nm.)  (b)  Sphere  array  after  oxygen  REE  for  90  s. 
(c)  After  removal  of  the  thinned  spheres,  (d)  Holes  array  of  with 
an  average  diameter  of  83  nm  after  CF4  RIE.  (e)  Cross-section 
of  the  cleaved  array. 
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Figure  4:  SEM  images  of  the  sample  at  selected  steps  in  another 
fabrication  process  using  spheres  diameter  with  an  original  of  200 
nm:  (a)  array  of  thinned  spheres  with  an  average  diameter  of  156  nm 
after  oxygen  RIE  for  60  s.  (b)  Array  of  holes  with  an  average 
diameter  of  157  nm  after  CF4  RIE. 
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Oxygen  RIE  time  (s) 


Figure  5:  Relation  between  oxygen  RIE  time  and  the 
diameter  of  thinned  sphere.  The  black  dots  are  experimental 
data  from  Figs.  3(b)  and  4(a).  The  solid  line  was  calculated 
using  equation  (2). 
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Figure  6:  SEM  images  of  the  sample  at  each  fabrication  process  step 
when  the  original  sphere  diameter  was  100  nm.  (a)  Arrangement  of 
polystyrene  spheres,  (b)  Sphere  array  after  oxygen  RIE  160  mW 
/cm2,  5  Pa,  60  s.  (c)  After  removal  of  spheres,  (d)  Array  of  holes  with 
an  average  diameter  of  45  nm  after  CF4  RIE  for  160  mW  /cm2,  5  Pa, 
60  s.  (e)  Another  sample  fabricated  using  different  oxygen  RIE 
conditions  for  80  W/cm2  5  Pa,  30  s. 
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Figure  7:  Relation  between  O2  RIE  time  and  thinned  diameter  for 
spheres  with  initial  nominal  diameters  of  (a)  100  nm  and  (b)  200  nm. 
The  circles  are  experimental  data  and  the  solid  lines  are  results 
calculated  using  Eq.  (2).  Since  the  standard  deviation  were  5%  for  the 
200-nm  spheres  and  10%  for  the  100-nm  spheres,  the  actual  diameter 
ranged  from  190  to  210  nm  and  from  90  to  110  nm.  The  results 
calculated  for  these  spheres  are  also  shown. 
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ABSTRACT 

Carrier  relaxation  and  recombination  processes  in  self-assembled 
InAs/GaAs  quantum  dots  are  investigated  by  means  of  time-resolved 
photoluminescence  spectroscopy.  We  discuss  the  physical  mechanisms 
involved  in  these  processes  by  studying  the  dependence  of  the  rise  and 
decay  times  of  the  barriers  and  the  quantum  dots  optical  transitions  as  a 
function  of  the  temperature  and  the  excitation  density.  The  strong 
photoluminescence  signals  of  our  dots  result  from  fast  capture  and 
relaxation  times.  Carrier-carrier  scattering  processes  are  found  to  be 
responsible  for  these  efficient  relaxation  mechanisms. 


INTRODUCTION 

Energy  relaxation  in  zero-dimensional  systems  has  attracted  considerable  attention 
from  both  fundamental  and  application  point  of  view.  Recent  experimental  studies  [1- 
3]  show  that  carrier  relaxation  times  are  shorter  than  theoretical  values  predicted  for 
single  LO-phonon  scattering.  Auger  processes  [4,5]  and  multiphonon  scattering 
mechanisms  [6,7]  have  been  proposed  to  provide  such  an  efficient  relaxation.  Further 
experimental  studies  have  to  be  obtained  in  order  to  confirm  the  nature  of  the  dominant 
relaxation  mechanisms  and  to  establish  the  regime  (temperature  and  carrier  densities) 
where  each  of  these  processes  becomes  important. 


EXPERIMENTS 

In  this  work,  we  have  studied  stacked  self-assembled  InAs/GaAs  QDs  grown  by 
molecular  beam  epitaxy  (MBE)  with  optimized  conditions  [9]  in  order  to  minimize  the 
particle  size  distribution.  The  QDs  were  grown  at  a  substrate  temperature  of  520°C  on 
(100)  GaAs.  The  structure  consists  of  a  stack  of  50  QD  layers  separated  by  30nm  GaAs 
barriers.  A  modulation  doping  in  the  barrier  is  used  in  order  to  introduce  electrons  in 
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the  QDs  (the  first  electron  QD  states  should  be  filled).  The  lens  shaped  dots  have  an 
average  diameter  of  20nm  while  the  average  QD  density  is  about  5x1  (T  cm'2. 

The  PL  spectra  were  obtained  using  the  514nm  continuous-wave  (c-w)  output  of  an  ion 
Argon  laser  for  excitation  and  a  cooled  Ge  detector  for  signal  detection.  The  time- 
resolved  measurements  were  obtained  using  a  Ti:sapphire  laser  (740  nm,  100  fs,  82 
MHz)  as  the  excitation  source.  An  up-conversion  detection  technique  with  sub¬ 
picosecond  resolution  and  a  GaAs  photomultiplier  tube  were  used  for  signal  detection. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  c-w  PL  spectra  temperature  dependence  of  our  sample.  At  low- 
temperature  (14K)  several  well  resolved  PL  features  could  be  identified.  We  clearly  see 
the  signature  of  the  individual  QD  optical  transitions  (those  associated  with  the  first 
four  quantum  levels)  together  with  the  wetting  layer  (WL)  and  the  GaAs  PL  peaks.  The 
strong  PL  signals  obtained  even  at  room  temperature  and  the  quite  narrow  QD  peaks 
show  the  excellent  optical  properties  of  our  sample.  These  observations  indicate 
efficient  carrier  capture  in  the  dots  combined  with  reduced  nonradiative  channels  and 
particle  size  distribution.  It  is  seen  that  the  relative  importance  of  the  barrier  (WL  and 
GaAs)  PL  signals  as  compared  to  the  QD  intensities  decreases  when  the  temperature 
increases.  Also,  the  QD  optical  transitions  associated  with  the  higher  excited  levels 
tend  to  disappear  at  high  temperature.  These  behaviors  might  be  due  to  the  combined 
increasing  rate  of  carrier  thermal  excitation  above  the  confining  potential  and  the 
increasing  rates  of  carrier  capture  and  intersublevel  relaxation  with  temperature. 

Recombination  from  the  excited  confined  electron  and  hole  levels  are  even  more 
prominent  under  high  laser  excitation  density,  as  seen  in  the  TRPL  spectra  of  figure  2. 
This  can  be  explained  by  band-filling  effect  of  the  lowest  QD  states,  which  is  observed 
at  short  delay  times  (<  100  ps)  after  the  pulsed  excitation.  The  GaAs  PL  signal 
decreases  as  a  function  of  time  while  the  PL  intensity  of  the  QD  transitions  increases  at 
short  times.  The  temporal  evolution  of  these  spectra  indicates  that  carriers  relax 
efficiently  from  the  source  (the  GaAs  barriers)  to  the  2D  states  of  the  WL  and  finally  to 
the  QD  energy  levels. 

To  investigation  of  the  energy  carrier  dynamics  further,  the  kinetics  of  the  PL  signals  at 
different  energies  has  been  studied.  The  long-time  (-100  to  1300  ps)  and  the  short-time 
(-10  to  100  ps)  behaviors  of  PL  signal  measured  at  three  specific  energies  are  plotted  in 
Figure  3a)  and  b).  Decay  times  are  deduced  from  the  exponential  behavior  at  the  longer 
times  (Fig.  3a).  A  value  of  about  1.1ns  has  been  found  for  the  QD  transition  associated 
with  recombination  from  the  lowest  confined  electron  and  hole  levels  (n=l).  This 
shows  that  the  carrier  recombination  time  is  quite  long  (i>  Ins)  in  our  sample.  The  PL 
decay  times  increase  for  the  higher  energy  transitions  since  new  relaxation  channels 
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open  up  for  carrier  occupying  higher  energy  states.  The  PL  decay  time  of  GaAs  barrier 
signal  is  about  45  ps.  Note  that  photocarriers  excited  in  the  GaAs  substrate  (which  also 
contribute  to  the  PL  signal)  will  recombine  after  a  characteristic  time  much  longer  than 
the  carrier  capture  time  in  the  wetting  layer.  Therefore,  we  are  measuring  from  the 
GaAs  PL  decay  behavior  an  effective  relaxation  time  that  overestimates  the  capture 
time.  For  determining  the  PL  rise  times,  we  used  the  following  function,  which 
corresponds  to  the  solution  of  the  population  rate  equations  for  a  three-  level  model : 

where  Td  and  Tr  correspond  respectively  to  the  decay  and  the  rise  times.  The  PL  rise 
time  of  the  QD  transition  associated  with  recombination  from  the  lowest  confined 
electron  and  hole  levels  is  found  to  be  <  20  ps.  This  small  value  indicates  that  both 
capture  and  QD  intersublevel  relaxation  processes  are  rapid. 

The  nature  of  the  dominant  relaxation  processes  has  been  investigated  by  looking  at  the 
variations  of  the  PL  rise  and  decay  times  as  a  function  of  the  excitation  density.  These 
results  are  presented  in  figures  4  and  5.  The  PL  decay  times  (Fig.  4)  show  only  a  slight 
increase  with  the  excitation  density  for  the  QD  transitions  that  is  attributed  to  band 
filling  effects.  These  effects  tend  to  increase  the  effective  recombination  time  at  high 
excitation  densities.  Note  that  we  can  not  extract  directly  the  carrier  capture  time  from 
the  decay  times  of  the  WL  and  the  GaAs  PL  signals.  The  contribution  of  the  radiative 
emission  coming  from  the  GaAs  substrate  and  the  filling  of  the  lower  QD  states 
complicates  the  situation.  However,  information  on  the  relaxation  times  (capture  + 
intersublevel  relaxation)  can  be  extracted  from  the  QD  PL  rise  times  (Fig.  5).  The  fact 
that  QD  PL  rise  time  is  smaller  for  the  lower  energy  transitions  combined  with  the  fact 
their  corresponding  decay  times  are  longer  (compare  Fig.  4  and  5)  show  that  there  is  a 
sequential  filling  of  the  QD  states  from  the  bottom  level  to  the  highest  energy  levels. 
Again,  this  results  from  efficient  relaxation  mechanisms  between  these  QD  states.  Note 
that  the  doping  level  of  our  sample  is  such  that  the  first  electron  QD  levels  are 
completely  filled.  Therefore,  our  measured  PL  rise  time  corresponds  to  the  effective 
hole  relaxation  time  which  is  «25ps  at  low  excitation  density  and  *1  lps  at  the  highest 
density.  This  excitation  density  dependence  suggests  that  carrier-carrier  scattering  and 
Auger-like  processes  play  a  dominant  role  in  the  relaxation  dynamics  in  this  excitation 
regime  (the  estimated  number  of  photocarriers  per  dot  varies  between  5  and  20). 

Figure  6  and  7  show  the  temperature  dependence  of  the  PL  rise  and  decay  times.  It  is 
found  that  PL  decay  times  (see  Fig.  6)  for  the  n=l  to  n=3  QD  transitions  are  almost 
constant  as  a  function  of  temperature.  Thermal  activation  of  the  carriers  and 
nonradiative  recombination  in  the  barriers  are  not  very  probable  under  our 
experimental  conditions  because  recapture  of  those  carriers  is  very  efficient.  The  strong 
room  temperature  QD  PL  signal  is  also  an  indication  of  this  fast  recapture  time.  It  is 
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found  that  the  decay  time  of  the  GaAs  barrier  reduces  from  80  ps  to  25  ps  as  the 
temperature  increases  from  18K  to  125K.  This  behavior  indicated  that  carrier  capture  is 
more  efficient  at  higher  temperature.  As  explained  before,  the  PL  rise  time  of  the  QD 
transition,  associated  with  recombination  from  the  lowest  confined  electron  and  hole 
levels,  gives  a  better  estimate  of  the  carrier  relaxation  time.  Figure  7  shows  that  the  QD 
PL  rise  time  is  nearly  constant  as  a  function  of  temperature.  In  the  limit  of  our 
excitation  regime,  this  suggests  that  muttiphonon  emissions  play  a  minor  role  in  the 
carrier  relaxation  mechanism  in  QDs.  However,  this  behavior  is  consistent  with 
dominant  Auger  processes.  Note  that  the  doping  level  of  our  sample  is  an  other  factor 
which  favors  Auger  processes;  the  confined  carriers  in  the  dots  will  interact  with  an 
increasing  electron  plasma  density. 


CONCLUSIONS 

The  strong  QD  PL  intensities  and  the  short  decay  times  of  the  GaAs  and  the  WL  PL 
signals  (<  lOOps)  indicate  efficient  QD  carrier  capture.  The  sequential  filling  of  the  QD 
states  and  the  very  fast  (<20ps)  PL  rise  time  show  that  carriers  relax  quickly  from  the 
excited  states  down  to  the  QD  lowest  states.  The  laser  excitation  dependence  and  the 
nearly  independent  temperature  PL  rise  time  of  the  QD  transition  associated  with 
recombination  from  the  lowest  confined  electron  and  hole  levels,  suggests  that  carrier- 
carrier  scattering  processes  play  a  dominant  role  in  the  relaxation  mechanisms  in 
quantum  dots,  under  high  excitation  densities. 


AKNOWLEDGMENTS 

This  work  is  supported  by  the  Centre  de  Recherche  en  Physique  du  Solide  (CRPS)  de 
lUniversite  de  Sherbrooke  and  by  NSERC  of  Canada. 


REFERENCES 

[1]  B.  Ohnesorge,  M.  Albrecht,  J.  Oshinowo,  and  A.  Forchel,  Phys.  Rev.  B54,  11532 
(1996) 

[2]  S.  Raymond,  S.  Fafard,  S.  Charbonneau,  R.  Leon,  D.  Leonard,  P.M.  Petroff  and 
J.L.  Merz,  Phys.  Rev.  B52, 17238  (1995) 

[3]  V.  Klimov,  P.  Haring  and  H.  Kurz,  Phys.  Rev.  B53,  1463  (1996) 

[4]  U.  Bockelmann  and  T.  Egeler,  Phys.  Rev.  B46,  15574  (1992) 


Electrochemical  Society  Proceedings  Volume  98-19 


351 


[5]  Al.  L.  Efros,  V.A.  Kharchenko  and  M.Rosen,  Solid  State  Comm.  93,  281  (1995) 

[6]  T.  Inoshita  and  H.  Sakaki,  Phys.  Rev.  B46, 7260  (1992) 

[7]  P.  C.  Sercel,  Phys.  Rev.  B51,  14  532  (1995) 

[8]  S.  Fafard,  Z.  R.  Wasilewski,  C.  Ni.  Allen,  D.  Picard,  P.G.  Piva,  J.P.  McCaffrey, 
accepted  in  Superlattices  and  Microstructures  (1998). 


Electrochemical  Society  Proceedings  Volume  98-19 


352 


PL  Intensity  {arb.  Units) 


- 14K 

. 70K 

- 150K 

- 200K 

- 250K 

. 293K 

1.00  1.10  1.20  1.30  1.40  1.50  1.60 

Energy  (eV) 

Figure  1  :  Photoluminescence  spectra  obtained  at  different  temperatures  under 
cw  laser  excitation.  The  excitation  density  and  energy  are 
respectively  50W/cm2  and  2.409eV. 
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Figure  2  :  Time-resolved  photoluminescence  spectra  obtained  at  different  delay 
times  under  high  excitation  density  (500W/cm2)  at  1.675eV.  The 
different  transitions  (QD  levels,  WL  and  GaAs)  are  clearly  identified. 
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Figure  3:  Time-resolved  PL  intensity  detected  at  three  energies  corresponding  to 
the  maximum  of  the  GaAs,  the  n=l  and  the  n=3  peaks.  Figures  a)  and  b) 
are  used  for  the  determination  of  the  PL  decay  and  rise  times 
respectively.  Eexc.-L675eV,  PeXc.~50W/cm2  and  T=77K. 
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Decay  time  of  the  different  PL  structures  versus  the  excitation  density. 
EeXc.=1.675eV  and  T=77K.  The  uncertainties  resulting  from  the  fitting 
procedure  correspond  approximately  to  5%. 


Excitation  density  (W/cmA2) 

Figure  5:  Rise  time  of  the  different  PL  structures  versus  the  laser  excitation 
density.  Eexc.=1.675eV  and  T=77K.  The  uncertainties  resulting  from  the 
fitting  procedure  correspond  approximately  to  10%. 
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Figure  6 :  Decay  time  of  the  different  PL  structures  versus  the  temperature. 

Eexc,=1.675eV  and  Pexc.«50W/cm2.  The  uncertainties  resulting  from  the 
fitting  procedure  correspond  approximately  to  5%. 


Figure  7  :  Rise  time  of  the  PL  structures  versus  the  temperature.  Eexc.=L675eV 
and  Pexc.~50W/cm2.  The  uncertainties  resulting  from  the  fitting 
procedure  is  about  10%  and  reach  50%  for  very  short  rise  times  (<2ps). 
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ABSTRACT 

We  have  investigated  the  confined  states  and  the  intradot  relaxation 
time  in  InAs/GaAs  self-assembled  quantum  dots  using  mid-infrared 
absorption  between  the  confined  levels.  The  intraband  absorption  is 
observed  in  both  n-doped  and  p-doped  quantum  dots.  The  transition 
energy  and  the  polarization  selection  rules  of  the  intraband  absorptions 
are  correlated  to  those  predicted  by  a  three-dimensional  numerical 
resolution  of  the  Schrodinger  equation  for  a  lens-shaped  quantum  dot 
geometry.  The  intradot  relaxation  time  is  investigated  by  the  saturation 
of  the  intraband  absorption  and  time-resolved  pump-probe 
experiments  in  the  mid-infrared.  Relaxation  times  of  3  ps  and  1.5  ps 
are  measured  in  the  conduction  and  in  the  valence  band  respectively. 


INTRODUCTION 

Self-assembled  semiconductor  quantum  dots  are  presently  intensively  studied 
both  for  their  fundamental  properties  and  their  potential  applications  for 
optoelectronic  devices  [1].  A  prerequisite  for  a  comprehensive  study  of  the 
quantum  dot  properties  is  a  good  knowledge  of  the  energy  diagram.  Confined 
states  in  self-assembled  quantum  dots  have  been  investigated  experimentally  by 
several  techniques  including  photoluminescence  spectroscopy  at  low  and  high- 
pump  intensity  [2],  photoluminescence  excitation  [3],  interband  absorption  [4], 
capacitance  measurements  [5]...  The  energy  diagram  of  the  quantum  dots  can  also 
be  directly  investigated  by  looking  at  optical  transitions  between  the  confined 
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states  in  the  conduction  band  or  in  the  valence  band.  Such  optical  transitions  are 
referred  to  as  intraband  or  intersublevel  absorption  [6j.  In  InAs/GaAs  self- 
assembled  quantum  dots,  the  first  observation  of  intraband  absorption  has  been 
reported  in  1994  [7].  We  have  recently  shown  that  intraband  absorption  in 
quantum  dots  can  be  observed  in  the  valence  and  conduction  band  using  a 
photoinduced  absorption  spectroscopy  technique  [8].  Direct  observation  of 
intraband  absorption  in  doped  self-assembled  quantum  dots  has  also  been  reported 
[9].  It  is  worth  noticing  that  the  existence  of  intraband  absorption  in  the  quantum 
dots  has  led  to  first  demonstrations  of  mid-infrared  photoconductive  detectors 
[10,11]. 

In  this  article,  we  show  that  the  study  of  intraband  absorption  can  bring 
valuable  information  on  the  excited  states  in  quantum  dots.  The  energy  diagram  as 
deduced  from  the  intraband  experiments  is  found  in  agreement  with  the 
theoretical  one  deduced  from  the  three-dimensional  resolution  of  the  Schrodinger 
equation.  We  further  show  that  the  study  of  intraband  absorption  under  high  pump 
regime  gives  access  to  the  intradot  relaxation  times  between  the  confined  states  in 
the  conduction  and  in  the  valence  band. 


INFRARED  ABSORPTION 

The  InAs/GaAs  self-assembled  quantum  dots  investigated  in  this  work  were 
grown  by  molecular  beam  epitaxy.  The  growth  of  the  quantum  dots  is  performed 
at  520  °C  under  As4  beam  pressure  [8].  The  doped  samples  are  modulation-doped 

with  a  5-doping  (6  x  1010cm-2)  lying  2  nm  from  the  wetting  layer.  In  all  doped 
samples,  only  the  ground  state  of  the  quantum  dots  is  populated.  The  quantum  dot 
multistacking  typically  consists  of  20  InAs  quantum  dot  layers  separated  by  50 
nm  thick  GaAs  barriers.  To  increase  the  interaction  length  with  the  mid-infrared 
light,  two  quantum  dot  multilayers  were  embedded  in  a  mid-infrared  waveguide. 
The  mid-infrared  waveguide,  grown  on  a  heavily  doped  (2  x  10 18  cm-3)  GaAs 
substrate,  consists  of  a  Alo.gGaQ  jAs  5  fjxn.  thick  cladding  layer  followed  by  a  2 
^m  thick  GaAs  layer,  the  active  region  and  a  2.5  jJ.m  GaAs  top  layer.  Cross 
section  transmission  electronic  microscopy  images  of  quantum  dot  samples 
grown  in  similar  conditions  show  that  the  quantum  dots  have  a  lens-shape 
geometry  with  an  average  dot  base  diameter  =25  nm  and  an  height  =2.5  nm  [12]. 
The  areal  dot  density  is  estimated  around  4  x  1010  cm'2. 

The  infrared  absorption  measurements  were  performed  with  a  Fourier 
transform  infrared  spectrometer.  The  quantum  dot  waveguide  characterizations 
were  achieved  with  a  mid-infrared  microscope  coupled  to  the  spectrometer.  The 
samples  without  waveguide  were  polished  in  a  multipass  geometry  with  45° 
facets.  Details  of  the  photoinduced  absorption  measurements  can  be  found  in  Ref. 
8. 


Figure  1  shows  the  influence  of  the  average  size  of  the  dots  on  the  mid- 
infrared  electronic  absorption.  The  samples  are  n-doped  and  the  room- 
temperature  infrared  absorption  is  attributed  to  a  bound-to-continuum  transition 
as  previously  reported  [9].  The  absorption  is  polarized  along  the  z  growth  axis  of 
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the  quantum  dots.  For  the  n-doped  samples,  the  absorption  cross  section  for  one 
dot  layer  plane  is  estimated  to  be  3  x  10' 15  cm2.  The  striking  feature  reported  in 
Fig.  1  is  that  the  absorption  shifts  to  lower  energy  as  the  average  size  of  the 
quantum  dots  is  decreased.  The  difference  of  average  sizes  is  directly  observed  on 
the  photoluminescence  energy  maximum  (1.23  eV  for  the  small  dots  and  1.17  eV 
for  the  large  dots  at  low  temperature).  As  will  be  shown  in  the  next  section,  the 
red-shift  of  the  absorption  as  the  dot  size  decreases  is  explained  by  the  increase  of 
the  quantum  confinement  of  the  ground  electron  state  while  the  energy  of  the 
hybridized  wetting  layer  states  is  hardly  modified.  It  is  important  to  note  that  the 
energy  of  the  intraband  absorption  can  be  accurately  controlled  with  the  size  of 
the  dots.  Such  feature  will  be  useful  for  the  design  of  quantum  dot  infrared 
photodetectors. 

The  comparison  between  the  infrared  absorption  of  n-doped  and  p- doped 
self-assembled  quantum  dots  is  reported  in  Fig.  2.  For  both  samples,  the  quantum 
dot  layers  are  embedded  in  a  mid-infrared  waveguide.  In  both  cases,  the 
absorption  is  dominated  by  the  absorption  polarized  along  the  z  growth  axis  of  the 
quantum  dots.  The  infrared  absorption  of  the  n-doped  sample  is  similar  to  the  one 
reported  in  Fig.  1  and  characteristic  of  a  bound-to-continuum  transition.  In  the 
case  of  the  p -doped  sample,  the  absorption  exhibits  a  narrower  linewidth.  This 
reduced  linewidth  is  explained  by  the  fact  that  the  absorption  occurs  between  two 
confined  hole  states  hooo  and  hooi-  The  absorption  cross  section  for  this  transition 

is  10*15  cm2  The  broadening  of  the  transition  stems  from  the  inhomogeneous 
broadening  of  the  dot  sizes  and  from  the  subsequent  variation  of  the  intraband 
energy.  For  the  p- doped  sample,  a  small  bound-to-continuum  absorption  can  also 
be  observed  with  a  maximum  at  around  350  meV. 


ENERGY  LEVELS  CALCULATION 

The  confined  energy  levels  in  the  lens-shaped  quantum  dots  have  been 
calculated  by  numerically  solving  the  three-dimensional  Schrodinger  equation  in 
the  effective-mass  approximation  [13].  In  the  conduction  band,  the  effective  mass 
in  the  In  As  layer  is  taken  isotropic  (m*  =0.04  mg  where  m0  is  the  free-electron 
mass).  In  the  valence  band,  the  effective  mass  is  taken  anisotropic  and  decoupled 
between  the  z  growth  axis  and  the  layer  plane  {mz  = 0.59  mg  and  mxy  = 0.07  mg.) 
The  electronic  (hole)  confined  levels  are  denoted  enx  ny>„z(h)  where  the  subscripts 
nx,ny,nz  correspond  to  the  number  of  nodes  of  the  envelope  wavefunctions  along 
the  x,  y,  and  z  directions  respectively  of  the  corresponding  wavefunctions  in  a 
parellelepipedic  quantum  dot. 

The  electronic  energy  structure  as  a  function  of  the  quantum  dot  height  is 
presented  in  Fig.  3.  A  fixed  aspect  ratio  (height/base  diameter)  of  0.1  has  been 
considered  in  the  calculations,  as  observed  by  cross  section  transmission  electron 
microscopy  images  of  the  lens-shaped  quantum  dots.  The  number  of  confined 
electronic  states  is  naturally  found  dependent  on  the  size  of  the  quantum  dots.  The 
states  with  a  confinement  energy  larger  than  560  meV  are  hybridized  with  the 
two-dimensional  wetting  layer  states.  The  first  excited  state  is  doubly  degenerate. 
The  confined  states  exhibit  a  strong  dependence  vs  the  quantum  dot  size.  It 
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explains  the  large  broadening  of  the  bound-to-continuum  absorption  which  occurs 
from  the  ground  state  to  the  hybridized  wetting  layer  states.  This  transition  is 
predicted  to  occur  around  120  meV  for  a  2  nm  height  quantum  dot  and  around 
250  meV  for  a  3  nm  height  quantum  dot.  These  transition  energies  are  in 
agreement  with  the  values  reported  in  Fig.  1  and  2.  It  is  worth  noticing  that  the 
e000‘el00  intraband  transition  has  a  very  large  dipole  (~  3  nm  for  a  2.5  nm  height 
quantum  dot)  and  that  this  transition  is  in-plane  polarized.  However,  this 
transition  has  not  been  observed  experimentally  because  it  occurs  below  the 
detector  cutoff  energy.  On  the  contraiy,  the  transition  e0oo-eno,  which  would  be 
forbidden  in  a  cubic  quantum  box  with  infinite  potential  confinement,  has  a  much 
weaker  dipole  (0. 15  nm)  and  is  polarized  along  the  z  growth  axis. 

The  energy  of  the  first  confined  states  in  the  valence  band  as  a  function  of 
the  quantum  dot  height  is  shown  in  Fig.  4.  Due  to  the  heavier  mass,  the 
confinement  energy  is  much  lower  than  in  the  conduction  band.  The  largest 
dipole  length  is  associated  with  the  hooo-h100  intraband  transition  (  3.1  nm  for  a 
2.5  nm  height  quantum  dot).  Like  in  the  case  of  the  conduction  band,  this 
transition  is  in-plane  polarized.  The  dipole  matrix  elements  for  the  hgoo'^i  io  and 
hooo-hooi  transitions  are  0.21  nm  and  0.52  nm  respectively.  These  transitions  are 
predicted  to  be  polarized  along  the  z  growth  axis,  as  observed  experimentally.  A 
comparison  between  the  experimental  and  calculated  transition  energies  shows 
that  the  energy  of  the  hole  intraband  transitions  is  overestimated  by  the 
calculation.  However,  the  values  of  the  dipole  length  are  correctly  predicted  :  0.35 
nm  (experimental)  for  the  h00o-hooi  intraband  transition  reported  in  Fig.  2  as 
compared  to  the  0.52  nm  theoretical  value  [14].  Moreover,  the  broadening  of  the 
hooo-hooi  transition  is  well  reproduced  if  we  account  for  the  size  dispersion  of  the 
dots,  as  observed  by  photoluminescence,  and  the  size  dependence  of  the  intraband 
transition  energy,  as  reported  in  Fig.  4. 

The  polarization  selection  rules  of  the  intraband  transitions  can  be  directly 
visualized  by  looking  at  the  envelope  wave  functions  of  the  confined  states.  The 
envelope  functions  of  the  first  4  confined  hole  states  are  shown  in  Fig.  5.  The 
ground  hole  state  is  s  type  while  the  first  excited  state  is  p  type.  We  see  that  the 
transition  from  the  ground  state  to  the  first  excited  state  will  correspond  to  a 
transfer  of  charge  in  the  layer  plane  and  explains  that  the  transition  is  in-plane 
polarized.  On  the  contrary,  the  transitions  to  the  second  and  third  excited  states 
will  correspond  to  a  transfer  of  charge  along  the  z  axis,  as  observed 
experimentally.  For  these  two  last  transitions,  the  theoretical  dipole  in  the  layer 
plane  direction  is  zero. 


EXPERIMENTAL  ENERGY  DIAGRAM 

The  study  of  infrared  absorption  in  doped  samples  allows  an  unambiguous 
assignment  of  the  intraband  transitions.  However,  the  observation  of  small 
infrared  absorptions  requires  a  very  high  signal-to-noise  ratio,  which  is  difficult  to 
achieve  in  direct  measurements.  Very  weak  absorptions  can  nonetheless  be 
observed  using  a  photoinduced  absorption  spectroscopy  technique  [8].  Figure  6 
shows  an  example  of  photoinduced  infrared  absorption  in  undoped  self-assembled 
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InAs/GaAs  quantum  dots  [13].  The  absorption  spectra  are  reported  in  p  ands 
polarizations  and  for  two  different  temperatures.  The  h000-hooi  hole  transitions 
along  with  the  e0oo"continuum  transitions  which  are  similar  to  those  reported  in 
doped  samples  (see  Fig.  2)  can  be  easily  observed.  A  careful  look  at  the 
absorption  spectra  shows  that  several  other  transitions  can  also  be  distinguished, 
in  particular  the  in-plane  polarized  absorption  from  the  electronic  state  to  the 
continuum  states  above  the  GaAs  barriers.  Similar  photoinduced  experiments 
have  been  performed  on  samples  with  different  quantum  dot  average  sizes  [13]. 
An  experimental  energy  diagram  as  deduced  from  the  intraband  absorption 
measurements  is  shown  in  Fig.  7.  Each  transition  reported  in  Fig.  7  has  been 
experimentally  observed.  It  demonstrates  that  intersublevel  absorption  is  a  sound 
spectroscopy  technique  to  disentangle  the  energy  diagram  of  self-assembled 
quantum  dots.  Note  that  the  intersublevel  absorption  spectra  can  be  correlated  to 
the  interband  photoluminescence  spectra,  as  reported  in  Ref.  [15]. 

An  important  feature  reported  in  Fig.  7  is  the  polarization  selection  rules  of  the 
transitions.  In  the  mid-infrared  spectral  range  (i.e.  above  90  meV),  the  absorption 
is  clearly  dominated  by  z-polarized  transitions.  However,  weak  in-plane  polarized 
transitions  with  absorption  cross  sections  as  low  as  10' 16  cm2  can  be  observed. 
The  in-plane  polarized  transitions  to  the  continuum  states  above  the  GaAs  barrier, 
either  in  the  conduction  or  in  the  valence  band,  can  be  suitable  for  normal- 
incidence  infrared  photodetection  even  if  their  oscillator  strength  is  weak.  It 
explains  the  recent  demonstration  of  a  5.5  pm  quantum  dot  infrared  photodetector 
operating  at  normal  incidence  but  characterized  by  a  low  detectivity 
(D*  =  4.7  x  107  cm  Hz1/2  AV)  [1 1]. 


SATURATION  OF  ABSORPTION  AND  INTRADOT  RELAXATION 

TIME 

The  knowledge  of  the  carrier  relaxation  time  between  confined  states  in  self- 
assembled  quantum  dots  remains  a  very  important  issue.  The  carrier  relaxation  in 
quantum  dots  has  been  predicted  to  be  slowed  down  because  of  the  difficulty  to 
conserve  the  energy  following  an  inelastic  phonon  scattering  [16].  It  has  been 
shown  that  different  mechanisms  like  multiphonon  scattering  [17]  or  Auger 
assisted  relaxations  [18]  allow  carrier  relaxation  between  the  confined  states. 
However,  the  values  of  intradot  relaxation  time  reported  in  the  literature  vary 
considerably,  going  from  0.6  ps  [19]  to  40  ps  [20]  for  intradot  carrier  relaxation 
time  in  the  valence  band.  In  order  to  disentangle  this  problem,  we  have 
investigated  the  intradot  carrier  relaxation  time  in  our  samples  using  the  intraband 
absorption.  The  experiments  have  been  performed  using  the  CLIO  picosecond 
free-electron  laser  which  is  available  in  Orsay. 

The  first  experiments  aimed  at  the  demonstration  of  the  saturation  of  the 
intraband  absorption.  A  typical  result  for  a  n-doped  quantum  dot  sample  is 
presented  in  Fig.  8  [21].  The  investigated  sample  is  the  n-type  waveguide  sample 
whose  mid-infrared  absorption  is  shown  in  Fig.  2.  The  saturation  of  the 
absorption  is  measured  at  room  temperature  for  a  8  pm  pump  wavelength  which 
corresponds  to  the  wavelength  of  maximum  absorption.  Fig.  8  depicts  the 
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transmission  of  the  8  fim  pump  wavelength  as  a  function  of  the  pump  intensity. 
The  saturation  of  the  absorption  is  clearly  observed  along  with  the  complete 
bleaching  of  the  intraband  absorption  above  10  MW.cnr2.  A  saturation  intensity 
of  600  kW.cnr2  is  deduced  from  the  experiments  [21].  Similar  results  have  also 
been  obtained  for  the  p-doped  quantum  dot  sample.  The  estimation  of  the  intradot 
carrier  relaxation  time  from  the  intraband  saturation  intensity  is  however  not 
straightforward.  We  have  therefore  performed  time-resolved  pump-probe 
experiments  to  extract  the  intradot  carrier  relaxation  time. 

In  the  time-resolved  experiments,  the  pump  was  set  in  TM-polarization 
(polarization  along  the  z  growth  axis)  while  the  probe  was  set  at  45°  between  TE 
(polarization  in  the  layer  plane)  and  TM  polarizations.  The  variation  of 
transmission  in  TE  polarization  as  a  function  of  the  time  delay  between  the  pump 
and  the  probe  is  reported  at  300K  in  Fig.  9.  The  pump  wavelength  is  8  fim  and  the 
pump  intensity  is  around  1  MW.cnr2.  The  investigated  sample  is  the  n-type 
quantum  dot  sample  as  reported  above.  As  seen,  the  transmission  of  the  probe  is 
modified  when  the  pump  and  probe  are  coincident.  The  absorption  recovers  its 
value(l/e  of  maximum)  after  a  3  ps  relaxation  time.  It  is  worth  noticing  that  this 
relaxation  time  which  corresponds  to  the  relaxation  of  the  carriers  from  the 
wetting  layer  states  to  the  electronic  ground  state  is  relatively  short.  Similar 
values  of  short  electron  relaxation  times  have  also  been  reported  using  time- 
resolved  differential  transmission  spectroscopy  experiments  in  InGaAs  quantum 
dots  [19]. 

Time-resolved  pump-probe  experiments  have  also  been  performed  using  the 
hole  intraband  absorption.  The  investigated  sample  corresponds  in  this  case  to  the 
p-type  waveguide  sample  whose  absorption  is  reported  in  Fig.  2.  For  this  sample, 
the  intraband  absorption  is  associated  with  two  confined  hole  states  (h0oo-hooi) 
and  does  not  involve  the  wetting  layer  states  like  for  the  n-type  quantum  dot 
sample.  The  result  of  the  pump-probe  experiment  is  reported  at  room  temperature 
in  Fig.  10.  The  wavelength  of  the  free-electron  laser  was  set  in  this  experiment  at 
12.5  fim  which  corresponds  to  the  absorption  maximum.  The  intradot  carrier 
relaxation  time  (h0oi  towards  h00o)  is  also  found  very  short  in  this  experiment  and 
typically  corresponds  to  a  1.5  ps  hole  relaxation  time. 


CONCLUSION 

In  conclusion,  we  have  reported  on  the  mid-infrared  intraband  absorption  in 
InAs/GaAs  self-assembled  quantum  dots.  We  have  shown  that  the  study  of  the 
intraband  absorption  allows  the  investigation  of  the  confined  states  in  the  quantum 
dots  and  the  determination  of  the  energy  diagram  of  the  dots.  The  features 
associated  with  the  intraband  absorption  (energy  and  broadening  of  transitions, 
polarization  selection  rules)  are  found  in  agreement  with  those  predicted  by  a 
three-dimensional  resolution  of  the  Schrodinger  equation  in  the  lens-shaped 
quantum  dots.  The  saturation  of  the  intraband  absorption  has  been  demonstrated 
for  the  first  time.  We  have  finally  measured  the  electron  and  hole  intradot 
relaxation  times  by  time-resolved  pump-probe  experiments  using  a  free-electron 
laser. 
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Energy  (meV) 


Figure  1:  Room-temperature  infrared  absorption  for  different  average  sizes  of  w- 
doped  InAs/GaAs  self-assembled  quantum  dots:  large  dots  :  low -temperature 
photoluminescence  maximum  «  1.17  eV.  Small  dots  :  low-temperature 
photoluminescence  maximum  =  1.23  eV.  The  absorption  is  polarized  along  the  z 
growth  axis. 


Energy  (meV) 


Figure  2  :  Infrared  absorption  of  re-doped  quantum  dots  (bottom  curve)  and  p- 
doped  quantum  dots  (top  curve).  The  quantum  dots  are  inserted  in  a  mid-infrared 
waveguide. 
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Figure  3  :  Electronic  energy  levels  in  lens-shaped  self-assembled  quantum  dots. 
The  aspect  ratio  (height/base  diameter)  is  0.1.  The  origin  of  the  energy  is  taken  at 
the  bottom  of  the  InAs  conduction  band.  The  onset  of  the  wetting  layer  states  is 
560  meV. 
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Figure  4  :  First  confined  energy  levels  in  the  valence  band  in  lens-shaped  self- 
assembled  quantum  dots.  The  aspect  ratio  (height/base  diameter)  is  0.1.  The 
origin  of  the  energy  is  taken  at  the  bottom  of  the  InAs  valence  band.  The  hioo 
level  is  doubly  degenerate. 
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Figure  5  :  Surfaces  of  isoprobability  for  the  h000,  hioo.  hlio  and  hooi  levels 
(from  left  top  clockwise)  in  a  lens-shaped  quantum  dot.  The  probability  of 
finding  the  carrier  within  the  volume  is  2/3. 
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Figure  6  :  Photoinduced  infrared  absorption  of  undoped  self-assembled  quantum 
dots  in  p  and  s  polarizations.  The  inset  shows  a  schematic  description  of  the 
experimental  setup.  WL  stands  for  wetting  layer. 


Figure  7  :  Experimental  energy  diagram  as  deduced  from  the  intersublevel 
absorption  (120K).  The  thickness  of  the  lines  is  proportional  to  the  oscillator 
strength  of  the  transitions.  The  grey  arrows  correspond  to  in-plane  polarized 


absorptions. 


Electrochemical  Society  Proceedings  Volume  98-19 


368 


1.2 


100  1000  104  105  106  107  108  109 
Intensity  (W  cm'2) 


Figure  8  :  Room  temperature  8  fim  transmission  as  a  function  of  the  pump 
intensity  in  a  n-type  quantum  dot  sample.  The  absorption  spectrum  of  the 
quantum  dots  is  reported  in  Fig.  2. 


Figure  9  :  Probe  transmission  as  a  function  of  the  time  delay  between  pump  and 
probe  at  300K.  The  pump  wavelength  is  set  at  8  jjm.  The  quantum  dots  are  n- 
doped. 
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Figure  10:  Probe  transmission  as  a  function  of  the  time  delay  between  pump  and 
probe.  The  pump  is  set  at  12.5  pirn.  The  absorption  spectrum  of  the  p -doped 
quantum  dots  is  reported  in  Fig.  2.  The  experiment  is  performed  at  room- 
temperature. 
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Abstract 

A  novel  electronic  bistability  has  been  observed  in  a  two-dimensional  array 
of  electrochemically  self-assembled  CdS  quantum  dots  dispersed  in  alumina. 

The  dots  are  produced  by  electrodepositing  CdS  in  100  A-sized  self-organized 
pores  in  a  nanoporous  alumina  film  produced  by  the  anodization  of  an  alu¬ 
minum  foil  in  sulfuric  acid.  The  current-voltage  characteristic  of  the  array 
shows  two  distinct  conductance  states.  The  system  switches  from  one  con¬ 
ductance  state  to  another  if  the  dc  bias  is  taken  past  a  threshold  voltage. 

This  bistable  behavior  is  perfectly  repeatable.  If  the  system  is  left  in  one 
conductance  state,  it  remains  there  indefinitely  until  switched  to  the  other 
state  by  the  application  of  an  external  dc  bias.  A  speculative  model  is  pro¬ 
posed  which  may  explain  this  behavior.  Such  an  effect  may  find  applications 
in  extremely  dense  static  random  access  memory. 

‘Corresponding  author.  E-mail:  bandy@quantuml.unl.edu 

^Current  affiliation:  Dept,  of  Electrical  Engr.,  University  of  Califomia-Los  Angeles. 


Electrochemical  Society  Proceedings  Volume  98-19 


371 


1  Introduction 


There  is  significant  current  interest  in  self-assembled  quantum  dots  for  optical 
applications  [1],  magnetic  storage  media  [2,  3]  and  non-linear  optics  [4].  In  spite  of 
their  impressive  success  in  these  applications,  most  self-assembled  arrays  however 
have  found  limited  use  in  electronics.  In  this  paper,  we  report  a  novel  phenomenon 
that  may  have  an  electronic  use,  namely  in  static  random  access  memory. 


2  Self-assembled  quantum  dots:  sample  prepa- 
ration 

A  well-regimented  two-dimensional  array  of  CdS  quantum  dots  is  aself-assembled 
by  electrochemical  synthesis  [5].  A  0.1  mm  thick  foil  of  99.9999%  pure  aluminum 
is  first  electropolished  in  a  solution  of  62  cc  of  perchloric  acid,  700  cc  of  ethanol, 
100  cc  of  butyl  cellusolve  and  137  cc  of  distilled  water  for  30  seconds  at  60  volts. 
The  film  is  then  washed  in  distilled  water  and  dc-anodized  in  15%  sulfuric  acid 
at  room  temperature  with  a  current  density  of  40  mA/cm2.  This  produces  a  thin 
nanoporous  film  of  alumina  on  the  surface  of  the  foil  with  a  quasi-regimented  array 
of  pores  [5].  The  average  pore  diameter  is  100  A  with  a  10%  standard  deviation 
and  the  average  separation  between  pores  (center-to-center)  is  400  A  with  a  4% 
standard  deviation.  Bright  field  transmission  electron  micrographs  of  the  pore 
arrangement  can  be  seen  in  ref.  [5]. 

The  pores  are  then  slightly  enlarged  and  “rounded”  by  dissolving  part  of  the 
surrounding  alumina  walls  in  sulfuric  acid.  Next,  it  is  washed  to  remove  debris 
and  dried.  The  porous  film  (still  on  the  aluminum  foil)  is  then  ac  electrolysed  in 
sulfuric  acid  for  10  seconds  with  an  ac  current  source  operating  at  a  frequency 
of  200  Hz  and  a  rms  current  density  of  40  mA/cm2  which  leaves  behind  the  S"~ 
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ions  in  the  pores.  Selective  deposition  of  S  in  the  pores  occurs  since  the  pores 
offer  the  least  impedance  path  for  the  ac  current.  Finally,  the  film  is  immersed  in 
boiling  deionized  water  containing  a  10%  solution  of  CdS04.  The  Cd++  ions  in  the 
solution  reacts  with  the  S  in  the  pores  to  form  CdS  in  the  pores.  The  duration 
of  immersion  determines  to  what  depth  the  pores  are  filled.  In  the  experiments 
described  in  this  paper,  the  immersion  time  was  7  seconds.  Cross-section  trans¬ 
mission  electron  microscopy  has  revealed  that  usually  this  will  lead  to  the  bottom 
100-150  A  of  the  pores  to  be  filled  up. 

CdS  dots  produced  by  this  technique  have  been  directly  imaged  in  the  past 
by  transmission  electron  microscopy,  field  emission  scanning  electron  microscopy, 
and  characterized  by  Raman  spectroscopy,  photoluminescence,  absorption  spec¬ 
troscopy,  ellipsometry,  energy-dispersive  analysis  of  x-ray,  Auger  depth  profiling, 
ESCA,  etc.  High  resolution  TEM  has  shown  that  the  dots  are  polycrystalline. 
Optical  probing  has  revealed  strong  signatures  of  quantum  confinement  [5]. 

Variable  angle  spectroscopic  ellipsomtery  was  used  to  probe  the  shapes  of  the 
dots.  Although  this  method  lacks  sufficient  accuracy,  we  found  that  we  can  fit 
the  ellipsometric  data  best  if  we  assume  that  the  shapes  of  the  dots  are  rotational 
ellipsoids.  In  the  present  experiment,  the  CdS  dots  are  expected  to  resemble 
rotational  ellipsoids  (the  shape  of  a  football)  with  major  axis  «  150  A  and  the 
minor  axis  «  100  A.  Cross-section  TEM  shows  similar  shapes. 

Before  the  experiment,  the  presence  of  CdS  in  the  pores  was  again  established 
with  x-ray  emission  spectroscopy  using  electron  beam  excitation.  In  addition  to 
the  lines  associated  with  Cd  and  S,  intense  blue-white  cathodoluminescence  was 
observed  from  the  CdS  dots 
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3  Current-voltage  characteristics 

To  measure  the  dc  current-voltage  characteristic  of  the  dot  array,  two  large-area 
gold  contact  pads  (0.1mm  x  0.1mm  cross-section  and  thickness  300  A)  were  first 
deposited  on  the  surface  of  the  array  by  resistive  evaporation.  These  were  used  as 
current  and  voltage  probes.  Measurements  were  carried  out  with  a  voltage  source. 

In  Fig.  1,  we  show  the  measured  current-voltage  (I-V)  characteristic.  The  I-V 
characteristic  is  linear  indicating  ohmic  conduction.  It  is  surprising  that  the  con¬ 
ductance  is  so  high  given  that  the  alumina  walls  separating  adjacent  CdS  quantum 
dots  are  insulating  and  that  the  average  thickness  of  these  walls  is  300  A.  Indeed, 
if  the  experiment  is  repeated  without  the  prior  step  of  electron  beam  excitation, 
we  see  no  measurable  conduction  at  all.  We  therefore  surmise  that  electron  beam 
irradiation  introduces  a  very  high  density  of  traps  and  gap  states  in  the  alumina 
that  may  form  impurity  bands  which  allow  significant  conduction. 

If  the  irradiated  array  is  initially  in  the  low  conductance  state  of  1  mS,  it 
remains  in  that  state  till  the  applied  dc  bias  exceeds  ~  10  volts.  Thereupon,  it 
switches  to  the  high  conductance  state  of  20  mS.  The  current  doubles  while  the 
voltage  falls  to  one-tenth  of  its  value  before  switching. 

In  the  high  conductance  state,  another  switching  occurs  when  the  voltage  is 
swept  past  2.5  V.  The  array  returns  to  the  low  conductance  state.  The  current 
falls  from  50  mA  to  4  mA  and  the  voltage  increases  to  4  V.  This  process  can  be 
repeated  over  and  over  again.  If  the  array  is  left  in  any  of  the  two  conductance 
states,  it  remains  there  indefinitely  till  it  is  switched. 

The  above  conductance  bistability  can  be  exploited  to  realize  non-volatile  or 
static  binary  memory.  The  low  conductance  state  could  encode,  say,  binary  bit  0 
and  the  high  conductance  state  binary  bit  1.  To  “read”  the  stored  bit,  one  could 
probe  the  conductance  with  a  small  ac  bias.  The  “writing”  strategy  is  the  following. 
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VoHmQrn  (V) 


Figure  1:  The  current  versus  voltage  characteristic  of  a  self-assembled  CdS  quantum 
dot  array  dispersed  in  alumina.  These  measurements  were  made  at  room  temperature. 

Precede  the  write  cycle  with  a  read  cycle.  If  the  stored  bit  is  already  the  desired 
bit,  do  nothing.  Otherwise,  apply  a  dc  bias  past  the  threshold  for  switching.  This 
will  switch  the  array  to  the  desired  state  and  thus  write  the  desired  bit. 

4  Possible  origins 

It  is  fairly  evident  that  the  conduction  is  assisted  by  traps  introduced  during 
electron  beam  irradiation.  We  propose  the  following  speculative  model  to  explain 
the  bistability. 

Assume  that  the  array  is  in  the  high  conductance  state.  As  the  dc  bias  is 
increased,  electrons  from  the  CdS  tunnel  into  the  traps  in  the  alumina  and  get 
trapped.  All  the  traps  get  saturated  and  completely  filled.  The  sudden  fall  in 
the  free  (untrapped)  electron  concentration  then  causes  the  conductance  to  drop 
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discretely. 

Once  in  the  low  conductance  state,  the  system  persists  in  that  state  until  the 
bias  exceeds  a  value  when  the  quasi-Fermi  level  at  the  traps  dips  below  the  trap 
band.  The  traps  then  empty  and  emit  the  trapped  electrons.  The  original  free 
carrier  concentration  is  restored  and  the  conductance  reverts  to  the  high  value. 
This  explains  the  bistability.  A  somewhat  similar  mechanism  can  give  rise  to 
negative  differential  resistance  in  gold-doped  Germanium  [6]. 

The  bistability  can  also  be  viewed  as  a  combination  of  an  N-type  and  an  S-type 
non-linearity.  It  is  well-known  that  the  first  type  is  associated  with  the  formation  of 
high  field  domains,  whereas  the  latter  results  in  the  formation  of  current  filaments 
[7].  Our  present  research  efforts  are  directed  towards  an  attempt  to  observe  these 
domains  using  electrostatic  force  microscopy. 
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NANOPARTICLES,  EITHER  EMBEDDED  IN  GLASS  MATRIX  OR  COVERED 
BY  EPITAXIAL  CAPPING 

E.  Lifshitz,  H.  Porteanu,  I.  Litvin  and  A.  Glozman,  Department  of  Chemistry  and  Solid 
State  Institute,  Technion,  Haifa  32000,  Israel 


ABSTRACT 

The  magneto-optical  properties  of  CdS  embedded  in  phosphate  glasses  or  capped 
by  epitaxial  shells  (e.g.  CdS/HgS/CdS)  were  examined  by  the  utilization  of  optically 
detected  magnetic  resonance  spectroscopy.  The  results  showed  that  the  magneto-optical 
properties  of  the  aforementioned  structures  are  governed  by  the  existence  of  surface  and 
interface  defects,  which  cause  trapping  of  photogenerated  carriers.  Furthermore,  these 
carriers  act  as  unpaired  spins  that  undergo  magnetic  resonance  transitions  at  the  excited 
state,  revealing  information  about  the  mechanism  of  recombination  and  identification  of 
the  trapping  sites. 


INTRODUCTION 

Semiconductor  nanoparticles  offer  the  opportunity  to  tune  the  energy  of  electronic 
states  and  optical  transitions,  with  variation  in  the  particle’s  size  [1-5].  This  makes  them 
potentially  useful  in  new  and  emerging  technologies,  such  as  optical  switches  [4], 
efficient  lasers  [4],  light  emitting  diodes  [6],  biological  markers  [7,8],  single-electron 
transistors  [9],  photo-voltaic  cells  [10-12]  and  catalysis  devices  [13].  The  discussed 
research  is  concern  with  the  investigation  of  II-VI  semiconductor  nanoparticles,  either 
embedded  in  glass  or  polymer  media,  or  capped  with  epitaxial  shell.  These  nanoparticles 
are  prepared  by  chemical  reactions  with  a  high  degree  of  reproducibility,  controlled 
diameters  of  <  10  nm,  relatively  narrow  size  distribution  (<5-15%)  and  uniform  shape. 
Nevertheless,  they  still  exhibit  crystalline  mismatch  with  the  surrounding,  dangling 
bonds,  stoichiometric  defects,  and  external  adatoms  at  surface/interface  sites.  The 
dependence  of  the  electronic  properties  on  size  (the  quantum  size  effect)  has  already  been 
studied  extensively  [2,  3,14-18].  However  there  is  very  little  knowledge  about  the  role  of 
the  surfaces/interfaces. 

Recent  single-nanoparticle  measurements  of  CdSe,  CdS,  and  InAs  showed  that 
the  exciton  emission  undergoes  bright/dark  periods  during  the  time  of  acquisition.  The 
dark  periods  can  last  between  millisecond  to  a  second.  At  the  current  moment  there  are 
two  major  explanations  for  the  occurrence  of  this  intermittence,  associated  either  with 
surface  trapping  [19]  or  Auger  process  [19].  The  studies  of  single  nanoparticles  also 
showed  periodic  spectral  diffusion  during  the  bright  time,  shifting  as  much  as  60  meV 
[19,20].  This  can  be  due  to  a  self-induced  Stark  effect  created  by  the  trapped  carrier  local 
electric  field  at  the  surface  or  in  the  medium  [21].  Thus,  the  single  nanoparticles 
measurements  emphasize  prosper  need  to  identify  the  surface/interface  trapping  sites. 
Therefore,  the  present  work  investigated  the  influence  of  surface  and  interface  states  on 
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Figure  1:  (a)  Schematic  diagram  of  the  spin  energy  states  of  recombining  electron 

and  hole.  The  notations  in  the  diagram  are  explained  in  the  text,  (b)  Anticipated  ODMR 
spectrum  for  a  big  J  value,  with  isotropic  g-factors  of  the  recombining  sites,  for  an 
unthermalized  case. 

the  optical  properties  of  the  materials,  by  the  utilization  of  an  optically  detected  magnetic 
resonance  (ODMR)  spectroscopy.  This  method  supplies  static  and  dynamic  information 
regarding  structural  uniformity  (core  versus  surface),  localization  of  photogenerated 
carriers,  exchange  interactions  between  carriers,  and  the  interaction  of  a  earner  with  the 
lattice.  In  addition,  it  enables  to  follow  radiative  and  non-radiative  recombination 
mechanisms  at  the  surface/interface.  The  principals  of  the  latter  methods  are  explained  in 
the  following  section. 


Optically  detected  magnetic  resonance  spectroscopy 

In  the  ODMR  method,  one  measures  the  change  in  luminescence  intensity  due  to 
a  magnetic  resonance  event  at  the  excited  state.  Although  it  resembles  a  conventional 
electron  spin  resonance  spectroscopy,  the  sensitivity  is  larger  by  5  orders  of  magnitude 
due  to  the  detection  of  electric  dipole  instead  of  magnetic  dipole  transitions.  The  contour 
shape  of  an  ODMR  event,  associated  with  recombination  between  trapped  electron  (e) 
and  hole  (h),  depends  on  the  e-h  mutual  interactions  [22,23],  and  can  be  explained 
according  to  the  diagram  shown  in  figure  1.  This  figure  presents  a  case  with  spin 
quantum  number  S=l/2,  for  the  electrons  and  holes.  In  a  case  of  weak  e-h  interaction,  the 
excited  state  consists  of  fourfold  spin  state  (diagram  la),  associated  with  the  electron 
[ms(e)=±l/2]  and  hole  [ms(h)=±l/2]  spin  projections  on  the  external  magnetic  field 
direction.  The  spin  resonance  transitions  are  shown  by  the  small  arrow  and  die  numbers 
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1-4,  while  the  optical  transition  are  given  by  the  dashed  lines.  J  corresponds  to  an 
isotropic  e-h  exchange  interaction,  while  D  to  the  anisotropic  interaction  (or  zero  field 
splitting).  The  zero-angular  momentum  optical  transitions  take  place  from  the  |+l/2,-l/2> 
and  |-l/2, +l/2>  sub-levels.  Then,  if  thermal  distribution  of  the  spin  states  population 
does  not  occur,  the  magnetic  resonance  transitions,  will  enhance  the  intensity  of  the 
optical  transitions.  The  anticipated  ODMR  spectrum  is  shown  below  the  diagram.  It 
consists  of  two  doublets,  each  is  associated  with  flipping  of  the  electron  (transitions  1  & 
2)  and  hole  (transitions  3  &  4)  projection  direction.  The  separation  within  a  doublet 
corresponds  to  J,  while  the  separation  between  the  doublets  is  associated  with  the  Zeeman 
interaction  of  each  carrier  with  the  external  magnetic  field.  Upon  thermal  distribution 
among  the  spin  states,  some  of  the  resonance  transitions  may  reverse  their  direction 
(shown  by  the  arrows  in  the  diagram).  The  latter  will  lead  to  a  quenching  of  the  optical 
transitions,  and  appearance  of  negative  signals  in  the  ODMR  spectra  (one  resonance  in 
each  doublet  in  figure  la  will  be  negative). 

For  J»  PgB,  the  |+l/2,  -l/2>  spin  state  is  pushed  to  higher  energy,  creating 
singlet  (S=0)  and  triplet  (S=l)  spin  states,  as  shown  schematically  in  diagram  lb.  Then, 
the  zero-angular  momentum  optical  transition  originates  from  the  triplet  |0,0>  state  and 
the  magnetic  resonance  transitions  1  and  4  are  eliminated.  Thus,  the  anticipated 
spectrum,  drown  below  the  diagram,  consists  of  resonance  signals  (2  and  3) 
corresponding  to  the  transitions  among  a  triplet  manifold,  with  mutual  separation  which 
is  equal  to  D.  It  should  be  noted  that  the  positions  of  resonance  signals  2  and  3,  in  the 
latter  case,  might  be  exchanged,  if  the  sign  of  D  is  negative.  Moreover,  when  D->0  the 
ODMR  spectrum  will  coalesce  into  a  single  broad  resonance,  as  presented  by  the  dashed 
line  in  spectrum  lb. 

In  any  event,  an  ODMR  spectrum  of  recombined  e-h  pairs,  can  be  simulated  by 
the  utilization  of  the  following  spin  Hamiltonian: 

Hs=pSegeHo  +  pShghHo  +  SeDSh  +  JSeSh  [1] 

where  the  first  two  terms  correspond  to  the  effective  Zeeman  interaction  of  an  electron 
and  hole,  the  third  term  corresponds  to  the  zero  field  splitting,  while  the  last  term  to  the 
isotropic  exchange  interactions.  It  should  be  noted  that  the  hyperfine  interaction  has  been 
neglected  in  the  present  case,  due  to  the  random  distribution  of  the  nanoparticles  within 
the  matrix. 


EXPERIMENTAL 
Material  preparation 

The  preparation  of  II-VI  nanoparticles  in  various  matrices  were  performed 
according  to  the  following  procedures: 

(1)  Nanoparticles  embedded  in  glass  media  were  prepared  in-situ,  during  a  phosphate 
glass  formation  [24,25].  The  glass  solution  was  composed  of 
P205-Na20-Zn0-A1F3-Ga203  and  was  prepared  at  1200°C.  The  semiconductor  ions, 
Cd+2,  S'2,  of  0.8- 1.2  wt%,  were  added  to  the  glass  solution  at  the  initial  stage.  Then,  the 
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nanoparticles  of  CdSe  were  grown  by  a  process  of  diffusion  controlled  phase 
decomposition,  utilizing  post-annealing  treatment  of  the  glass  films  at  moderate 
temperatures  (430-470°C)  for  duration  of  10-90  minutes. 

(2)  The  synthesis  of  the  CdS  core,  with  an  average  size  of  5.5  nm,  was  carried  out  in 
a  colloidal  solution.  Cd(C104)2  and  H2S  were  used  as  the  preliminary  precursors,  while 
sodium  polyphosphate  and  NaOH  acted  as  a  stabilizer  and  a  pH  agent,  respectively.  The 
core-shell  CdS/HgS  nanoparticles  were  prepared  by  an  addition  of  Hg(C104)2  solution, 
leading  to  a  displacement  of  Cd+2  ions  and  the  creation  of  a  stoichiometric  monolayer 
(0.3  nm)  of  HgS.  The  cladding  layer  was  prepared  by  a  drop-wise  addition  of  H2S/water 
solution.  The  reaction  with  S2‘  led  to  re-precipitation  of  the  Cd2+  ions  over  the  surface  of 
the  particles.  The  thickening  of  the  HgS  layer  was  simply  achieved  by  repeating  the 
displacement  and  re-precipitation  reactions.  Following  the  discussed  sequence  of  steps 
resulted  in  the  formation  of  the  colloidal  particles,  consisting  of  a  CdS  core  (cubic, 
Eg,buik=2.5  eV,  lattice  parameter  a=5.818  A),  surrounded  by  1-3  monolayers  of  p-HgS 
(cubic,  Eg,buik=0.5  eV,  a=5.851  A),  and  1-3  outer  cladding  layers  of  CdS.  A  detailed 
description  of  the  CdS/HgS/CdS  nanoparticles  synthesis  is  given  in  previous  publications 
[26].  .  . 

The  shape  and  size  of  the  various  nanoparticles  were  determined  by  transmission 
electron  microscopy  (TEM),  while  electron  diffraction  or  X-ray  diffraction  determined 
the  crystallographic  structure. 


Instrumental 

The  PL  and  ODMR  measurements  were  carried  out  by  immersing  the  samples  in 
a  cryogenic  dewar  (at  1.4K)  and  exciting  them  with  continuous  Ar+  laser.  The  emitted 
light  was  passed  through  a  holographic  grating  monochromator  and  detected  by  Si,  or  Ge 
detectors.  The  ODMR  spectra  were  recorded  by  placing  the  sample  on  a  special  sample 
probe,  at  the  centered  of  a  high-Q  resonance  cavity,  coupled  to  a  microwave  (mw)  source 
(9  GHz),  and  surrounded  by  a  superconducting  magnet  (B).  These  spectra  were  obtained 
by  measuring  the  change  in  luminescence  intensity  of  the  non-excitonic  PL  band,  induced 
by  a  magnetic  resonance  event  at  the  excited  state.  This  change  was  plotted  versus  the 
strength  of  the  external  magnetic  field,  B,  leading  to  magnetic  resonance-like  spectra.  The 
non-excitonic  luminescence  was  isolated  by  appropriate  cut-off  color  filters,  while  the 
emitted  beam  was  detected  in  either  of  the  following  directions:  (a)  parallel  to  the 
external  magnetic  field  (Faraday  configuration),  or  (b)  perpendicular  to  it  (Voight 
configuration).  A  change  in  the  emission  circular-polarization  component  was  also 
detected  in  the  Faraday  configuration. 


RESULTS  AND  DISCUSSION 

CdS  nanonarticles  embedded  in  phosphate  glasses 

A  non-excitonic  band  (not  shown)  dominates  the  photoluminescence  (PL)  spectra 
of  CdS  nanoparticles  embedded  in  phosphate  glasses  [27].  A  change  in  their  intensity 
was  measured  due  to  a  magnetic  resonance  transition  at  the  excited  state,  and  produced 
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the  ODMR  spectra.  Representative  spectra  of  nanoparticles’  sample  with  mean  size  of 
5.7  nm,  4.2  nm  and  3.2  nm,  are  shown  in  figure  2.  The  latter  were  recorded  at  the  Voight 
(kem  Ho)  configuration.  The  ODMR  spectrum  of  the  5.7  nm  sample  consist  of  a  major 
band  (labeled  II)  and  two  additional  weak  shoulders  (labeled  I  and  III).  The  ODMR 
spectrum  of  the  4.2  nm  sample  is  similar  to  that  of  the  5.7  nm  sample,  however,  shoulders 
I  and  III  have  lower  intensity  and  the  III  resonance  is  slightly  negative.  Then,  the  II 
resonance  in  the  latter  spectrum  seems  to  be  narrower. 

The  ODMR  spectrum  of  the  3.2  nm  sample,  is  dominated  by  the  I  and  III 
resonances,  however  resonance  II  is  essentially  missing.  Thus,  the  representative  spectra 
indicate  that  the  ODMR  transitions  of  the  various  samples  are  similar,  however  their 
relative  intensities  vary  from  sample  to  sample.  ODMR  spectra,  recorded  at  the  Faraday 


Magnetic  Field  (Tesla) 

Figure  2:  Representative  ODMR  spectra  of  CdS  nanoparticles  for  three  different 

samples,  with  mean  size,  as  indicated  in  the  figure.  The  experimental  conditions  are 
given  in  the  text . 
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configuration  {kem||Ho),  appeared  to  be  identical  to  that  observed  under  the  Voight 
configuration.  The  right  (cT+)  and  left  fcf-)  circular  polarization  components  of  ODMR  in 
the  latter  configuration  showed  identical  spectrum. 

The  spin  Hamiltonian  was  utilized,  in  order  to  simulate  each  one  of  the  resonance 
events.  The  simulation  of  resonances  I  and  III  of  the  various  samples  showed  that  they 
are  associated  with  relatively  weakly  interacting  (small  J)  electron  and  hole  pairs,  with 
J=0.03  meV,  D=0  and  gc=1.95  and  gh=2.08.  Moreover,  it  was  essential  to  consider 
anisotropic  g-factor  and  distribution  of  values  for  the  exchange  coupling  J.  The 
simulation  of  resonances  I  and  III  are  shown  by  the  solid  lines  in  figure  3.  The 
simulation  of  resonance  II  required  the  consideration  of  trapped  electron-hole 
recombination,  with  relatively  strong  isotropic  exchange  interaction  (J»gPHo)  and 
D«J.  The  small  D  value  leads  to  coalescence  of  the  resonance  into  a  single  band  with 


Magnetic  Field  (Tesla) 

Figure  3:  Simulated  ODMR  spectra  for  the  various  samples  shown  in  figure  2.  The 

dashed  lines  correspond  to  the  simulations  of  the  individual  resonances,  while  the  solid 
lines  show  the  sum  of  the  entire  resonance  transitions. 
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Figure  4:  The  ODMR  spectra  of  the  1.3  sample,  recorded  at  different  microwave 
modulation  frequencies. 

average  g-factor  gavr=(ge+gh)/2,  as  shown  by  the  dashed  line  in  figure  3. 

The  anisotropy  of  the  trapping  sites,  associated  with  resonances  I  and  III  excludes 
the  possibility  of  their  location  at  the  core  of  an  hexagonal  particle  and  instead,  suggests 
localization  at  the  surface.  Accordingly,  the  distribution  of  exchange  interaction  values 
can  be  due  to  the  existence  of  ensemble  of  e-h  pair  distances,  more-likely,  around  the 
periphery  of  a  nanoparticle.  Based  on  the  experimental  observations,  it  is  presumed  that 
resonance  II  is  associated  with  different  chemical  imperfections.  Its  nearly  isotropic 
behavior  (D~0,  g~2.00)  suggests  a  location  of  the  corresponding  trapping  sites  in  the  core 
of  the  nanoparticles.  Indeed,  it  is  seen  in  figure  2  that  ODMR  spectrum  of  a  sample  with 
the  smallest  average  nanoparticles  size,  is  dominated  by  recombination  at  surface  sites 
and  is  missing  the  resonance  of  the  core  defects.  On  the  contrary,  the  ODMR  spectrum 
of  the  largest  average  size  sample,  is  dominated  by  recombination  from  core  defect 
centers.  It  should  be  noted  that  the  random  orientation  of  the  particles  within  the  matrix, 
avoided  the  possibility  to  identify  any  local  crystallographic  axis  of  the  trapping  sites, 
however,  several  suggestions  regarding  the  chemical  nature  of  the  trapping  sites  can  be 
raised.  Previous  studies  [28]  suggested  that  deep  states,  in  particles  with  nanometer 
dimensions,  are  mainly  associated  with  surface  defects.  They  can  be  associated  with 
Cd+2  and  S'2  vacancies  (stoichiometric  defects),  dangling  bonds  or  external  adatoms  (like 
oxygen)  [23,29].  Stoichiometric  defects  may  exist  at  the  core  of  the  nanoparticles  as  well. 
Furthermore,  the  relative  softness  of  the  phosphate  glass  matrix,  avoids  particular  stress 
on  the  nanoparticles  and  consequently  eliminate  diffusion  of  the  core  defects  to  the 
surface  of  the  particles. 

The  diminuation  in  intensity  of  resonance  I  and  the  change  in  sign  of  resonance 
III  in  the  ODMR  spectrum  of  the  3.2  nm  sample,  is  associated  with  a  competing  effect 
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between  e-h  recombination  and  spin  lattice  relaxation  times.  This  demands  the 
consideration  of  thermalization  effects  (Bolzmann  distribution  among  the  spin  states),  in 
combination  with  the  spin  Hamiltonian  parameters,  leading  to  a  best  fitted  spectrum  for 
the  3.2  nm  sample,  as  shown  in  figure  3. 


CdS/HeS/CdS  nanoparticles 

The  PL  spectra  of  CdS/HgS/CdS  samples,  excited  above  the  core-CdS  band-gap 
energy  and  recorded  at  1.4K  (not  shown)  consist  of  an  exciton  band,  predominantly 
tunable  with  the  thickness  of  die  internal  HgS  layer,  and  an  additional  broad  band  at 
lower  energies.  The  latter  is  mainly  pronounced  in  the  samples  with  a  HgS  monolayer. 
The  ODMR  phenomenon  was  examined  mainly  at  the  lower  energy  PL  band. 
Representative  spectra  of  a  sample  that  contains  one  monolayer  of  HgS  and  three 
cladding  layers  of  CdS  (denoted  as  1.3),  and  recorded  at  different  modulation  frequencies 
of  the  microwave  source,  are  shown  in  figure  4. 

Careful  observation  of  this  figure  suggests  that  the  resonance  signals  III  and  I  alter 
simultaneously,  while  resonance  II  behaves  differently.  This  suggests  that  the  ODMR 
spectra  consist  of  two  overlapping  magnetic  resonance  events,  and  more  likely,  resonance 
III  and  I  correspond  to  a  common  incident.  Examination  of  the  microwave  modulation 
frequency  and  laser  power  dependence  of  the  ODMR  spectra  of  samples  1.2  and  2.1 
shows  a  similar  behavior  to  that  described  for  the  1 .3  sample.  The  Hamiltonian  given  in 
equation  1  was  utilized  in  order  to  simulate  each  one  of  the  resonance  events.  Resonance 
signals  III  &  I  resemble  a  case  of  spin  singlet  transitions  with  a  relatively  weak  exchange 
interaction.  Thus,  in  the  first  stage  we  simulated  a  situation  with  a  relatively  small  J  and 
D  and  isotropic  g-factor.  It  showed  a  narrow  and  symmetric  resonance  signal,  in 
contradiction  with  the  experimental  spectra.  Incorporation  of  anisotropy  in  the  g-factor 
led  to  an  asymmetric  broadening  or  singularities  in  the  resonance  signals.  In  order  to 
make  a  best-fit  with  the  experimental  spectra,  additional  broadening  associated  with  the 
distribution  of  J  values  was  essential.  The  last  broadening  was,  more  or  less,  sufficient  for 
the  simulation  of  resonance  III  however,  it  did  not  predict  the  sharpness  of  resonance  I 
and  the  relative  intensities  between  resonance  I  &  III.  This  sharpness  could  be  simulated 
when  an  additional  thermal  distribution  parameter  had  been  considered.  Observation  of 
resonance  II  suggests  that  it  is  associated  with  e-h  pair  recombination  with  relatively 
strong  isotropic  exchange  interaction  (J»gPH0)  and  D«J.  The  small  D  value  leads  to 
coalescence  of  the  resonance  into  a  single  band  with  an  average  g-factor  gavrKge+gh)^. 
Thus,  the  summation  of  the  simulations  associated  with  I  &  III  and  II  led  to  the  best-fit  of 
the  experimental  spectrum  as  shown  in  figure  5. 

The  g(I)=1.9  and  g(II)=1.7  values  of  the  different  resonance  signals  deviate 
substantially  from  those  of  the  valence  and  conduction  band  [30]  and  thereupon,  suggest 
that  the  ODMR  phenomenon  corresponds  to  a  recombination  between  states  with 
wavefunctions  that  are  not  necessarily  associated  with  CdS  or  HgS  band  edges.  The  J= 
0.04  eV  of  resonance  I  &  III  is  smaller  than  the  exchange  interaction  of  a  typical  exciton 
in  II-VI  nanoparticles  (~0.3  eV  in  CdSe  nanoparticles  [3]),  supporting  the  non-excitonic 
character  of  the  studied  recombination  emission. 
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Figure  5:  The  simulation  ODMR  spectra.  In  the  inset:  possible  suggestions  of  the 
trapping  sites:  (a)  particle  dislocations  in  AB  -  compounds  (b)  twin  grain  boundary. 

The  anisotropy  of  the  trapping  sites,  associated  with  resonance  I  &  III  excludes 
the  possibility  of  their  location  at  substitution  or  interstitial  sites  within  a  cubic  zinc 
blende  nanoparticles.  Instead,  it  suggests  localization  at  an  interface  or  surface.  Several 
suggestions  regarding  the  chemical  nature  of  the  trapping  sites  can  be  raised.  Mews  et.al 
showed  the  crystallization  of  CdS/HgS/CdS  nanoparitcles  have  tetrahedral  shapes  with 
(111)  facets.  They  also  indicated  the  possibility  of  twin  grain  boundaries  between  the 
HgS  and  the  CdS  cladding  layer  (as  shown  schematically  at  the  inset  of  figure  5).  Such  a 
boundary  causes  the  appearance  of  that  acts  as  traps  for  carriers.  Furthermore,  in  the  zinc 
blende  crystallographic  unit,  with  three  atomic  layers  (ABC),  these  vacancies  can  be 
either  in  the  metal  (Cd,  Hg)  or  in  the  S  atomic  layer.  Cd+2  vacancies  and  S°  vacancies  act 
as  double  acceptors.  However,  trapping  of  a  single  hole  alone  leads  to  the  creation  of 
paramagnetic  centers  that  can  be  detected  by  the  ODMR  method.  Cd°  and  S'2  vacancies 
act  as  double  donors,  and  in  a  similar  manner,  the  trapping  of  one  electron  will  be 
detected  by  the  ODMR  method.  In  other  words,  photo-generated  electrons  and  holes  can 
be  trapped  at  vacancy  defects  that  are  created  at  the  twin  grain  boundaries  in 
CdS/HgS/CdS  structures.  The  unique  principal  axis,  (the  spectroscopic  g-factor)  is 
considered  to  be  normal  to  the  boundary  while  the  other  axes  are  tangential  to  it. 
Accordingly,  the  distribution  of  exchange  interaction  values  can  be  due  to  the  existence 
of  an  ensemble  of  e-h  pair  distances,  more  likely,  around  the  periphery  of  an  interface. 
The  twin  grain  boundaries  can  very  well  describe  the  resonance  signals  in  the  ODMR 
spectra.  The  occurrence  of  a  vacancy  on  any  second  atom  at  the  twin  boundary,  lead  to  a 
condensed  distribution  of  trapped  electrons  and  holes  that  consequently  causes  a  strong 
exchange  interaction,  associated  with  resonance  signal  II.  However,  larger  spatial 
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distribution  of  trapped  electron  and  hole  along  the  twin  boundary  may  lead  to  a  weaker 
exchange  interaction  and  to  the  origin  of  I  &  III  resonance  signals. 

Alternatively,  Mews  and  Eychmuller  showed  that  the  growth  of  a  monolayer  is 
not  perfect  [31]  and  it  can  be  terminated  by  an  edge  dislocation,  shown  as  an  inset  in 
figure  5.  In  a  similar  manner  to  the  described  vacancies,  such  terminations  have 
unsaturated  chemical  bonds,  creating  electron  and  hole  trapping  sites.  Likewise,  these 
edges  have  asymmetric  local  chemical  bonds,  reflected  in  an  asymmetric  g-factor.  Since 
these  edge  dislocations  are  distributed  randomly,  more  likely,  they  will  be  spaced  apart 
from  more  than  two-chemical  bonds  and  thereupon,  the  exchange  interaction  of  carriers 
trapped  in  those  sites  will  be  relatively  small.  Hence,  the  edge  dislocations  can  be 
associated  with  trapped  e-h  pairs  that  produce  the  resonance  signals  III  &  I  in  the  studied 
ODMR  spectra. 


SUMMARY 

Nanoparticles  of  CdS  embedded  in  phosphate  glasses  were  prepared  under 
diffusion  control  process.  The  particles  of  CdS/HgS/CdS  were  prepared  in  colloidal 
solution  include  substitution  reaction  of  the  ions  at  the  surface.  In  both  cases  the  materials 
includes  interface  positions,  either  between  the  particle  and  the  medium  or  with  the 
epitaxial  cover.  Utilization  of  the  ODMR  method  was  found  to  be  useful  for  the  study  of 
the  influence  of  the  discussed  interface  properties  on  the  magneto-optical  properties  of 
the  materials.  The  results  showed  that  the  optical  events  are  associated  with  trapping  of 
photogenerated  carriers  at  interface  sites.  For  example,  CdS/HgS/CdS  nanoparticles 
exhibit  twin  boundaries  or  edge  dislocations.  The  latter  defects  include  vacancies  of 
metal  or  ligand  that  offer  the  opportunity  for  electron  and  hole  trapping. 
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ABSTRACT 


The  optical  properties  of  colloidal  suspensions  of  nanocrystalline  ZnO 
particles  in  2-propanol  were  investigated.  It  was  observed  that,  with 
increasing  particle  size,  the  quantum  efficiency  of  the  emission  decreases. 
Study  of  the  evolution  of  the  luminescence  properties  during  particle 
growth,  combined  with  decay  measurements,  leads  to  more  insight  into  the 
radiative  processes  that  take  place  in  ZnO  particles  after  excitation.  The 
characteristic  blue-green  emission  band  is  probably  due  to  the  transition  of 
a  photogenerated  electron  from  the  conduction  band  to  a  deeper  lying  state. 
This  interpretation  can  be  corroborated  by  the  fact  that  charging  of  the  ZnO 
particles  leads  to  a  quenching  of  this  particular  emission. 
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INTRODUCTION 


In  the  past  decade  nanocrystalline  semiconductor  particles  have  been  the  subject 
of  extensive  studies.  In  particular  the  sulfides  (CdS  and  ZnS)  and  selenides  (CdSe) 
have  received  considerable  attention  [1].  Less  research  has  been  devoted  to 
nanocrystalline  ZnO  particles  although  its  bulk  properties  are  well  known.  Both  bulk 
and  nanocrystalline  ZnO  show  two  emission  bands  upon  photoexcitation.  The 
maximum  of  the  first  emission  band  coincides  with  the  bandgap  energy  (exciton 
emission).  The  second  emission  band  has  its  maximum  at  lower  energy  which  means 
that  electronic  levels  in  the  bandgap  have  to  be  involved  in  the  recombination  process 
(trap  emission).  In  spite  of  numerous  studies  the  origin  of  the  trap  emission  is  still  not 
clear.  For  example,  for  bulk  ZnO  it  has  been  shown  that  firing  in  an  oxygen  or 
hydrogen  atmosphere  quenches  the  trap  emission  [2,  3].  The  interpretation  of  these 
results  is  complicated  by  the  influence  of  the  width  of  the  depletion  layer  on  the 
luminescence  intensity  [3]. 

In  the  present  study  crystalline  ZnO  particles  with  a  mean  diameter  of  about  50A 
and  smaller  are  investigated.  These  particles  have  a  size  similar  to  that  of  the  exciton 
in  ZnO  (0~4OA)  and  depletion  layer  effects  will  not  play  a  role.  The  aim  of  this  work 
is  twofold  :  first  to  study  both  the  exciton  and  trap  emission  as  a  function  of  the 
particle  size;  second  to  examine  the  nature  of  the  trap  emission. 

RESULTS  AND  DISCUSSION 

A  suspension  of  nanocrystalline  ZnO  particles  in  2-propanol  can  be  prepared  by 
slowly  adding  25  ml  0.02  M  NaOH  to  225  ml  0.001  M  Zn(CH3C00)2-2H20  [4].  A 
rapid  formation  of  extremely  small  ZnO  particles  is  followed  by  a  relatively  slow 
growth  of  the  particles.  The  rate  of  particle  growth  is  mainly  determined  by  the 
temperature.  For  instance,  at  65  °C  the  particles  have  reached  their  final  size  after  two 
hours  while  at  0  °C  the  same  process  takes  weeks  to  complete.  This  enables  one  to 
study  nanocrystalline  ZnO  particles  with  different  sizes  by  doing  measurements  at 
various  times  during  the  growth  process.  Fig.  1  shows  a  collection  of  emission  spectra 
taken  at  different  times  during  particle  growth  at  room  temperature.  Two  emission 
bands  are  clearly  visible  and  their  maxima  shift  to  lower  energies  upon  particle 
growth.  The  relatively  narrow  emission  band  at  higher  energies  (UV)  is  due  to  band- 
band  recombination  (exciton  emission),  while  the  more  intense  broad  emission  band 
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in  the  visible  part  of  the  spectrum  is  assigned  to  trap  emission.  For  the  exciton 
emission  the  shift  to  higher  energies  for  small  particles  is  well  known  and  is  explained 
by  quantum  confinement  [1,5].  The  trap  emission  band  is  also  at  higher  energies  for 
the  smaller  particles.  This  will  be  discussed  in  more  detail  below.  Decay 
measurements  have  shown  that  the  lifetime  of  the  exciton  emission  is  at  least  more 
than  two  orders  of  magnitude  shorter  than  the  lifetime  of  the  trap  emission.  As  the 
intensity  of  the  trap  emission  is  much  higher  than  that  of  the  exciton  emission,  there 
must  be  a  very  fast  -  perhaps  non-radiative  -  process  that  competes  with  the  exciton 
emission  process. 

As  the  ZnO  particles  grow  bigger,  the  intensity  of  the  trap  emission  band 
decreases,  while  that  of  the  exciton  emission  band  increases.  The  intensity  of  the  two 
emission  bands  as  a  function  of  particle  size  depends  on  changes  in  both  the  radiative 
and  non-radiative  recombination  rates.  The  increase  of  the  intensity  of  the  exciton 
emission  band  with  increasing  particle  size  shows  that  the  exciton  recombination  rate 
increases  relative  to  the  trap  recombination  rate  and  the  non-radiative  decay  rate.  The 
decrease  of  the  trap  emission  intensity  show  that  the  opposite  is  true  for  the  trap 
recombination  rate.  From  Fig.  1,  it  is  also  clear  that  the  total  integrated  emission 
intensity  decreases  upon  particle  growth.  With  a  solution  of  Coumarin  153  as  a 
reference,  it  is  possible  to  determine  quantum  efficiencies.  Using  results  that  are 
available  from  the  literature  [5],  one  can  determine  the  mean  particle  size  from 
extrapolating  the  steep  part  of  the  absorption  spectrum.  Fig.  2  shows  the  quantum 
efficiences  plotted  versus  the  mean  particle  radius.  While  the  absolute  values  of  the 
quantum  efficiencies  depend  on  the  preparation  method,  the  decrease  in  quantum 
efficiency  upon  particle  growth  is  always  observed.  The  present  results  are  in 
agreement  with  results  obtained  by  Bhargava  et  al.  [6]  who  observed  an  increase  in 
the  quantum  efficiency  of  the  Mn2+  emission  in  nanocrystalline  ZnS:Mn2+,  which  was 
explained  by  faster  trapping  of  charge  carriers  in  nanosized  particles. 

When  the  energy  of  the  maximum  of  the  trap  emission  band  is  plotted  versus  that 
of  the  maximum  of  the  exciton  emission  band,  at  different  stages  during  the  particle 
growth  as  obtained  from  Fig.  1,  there  seems  to  exist  a  linear  dependence  (see  Fig.  3). 
When  these  points  are  fitted  by  a  straight  line,  a  slope  of  0.58  is  obtained.  A  linear 
relation  between  the  two  emission  maxima  can  be  explained  by  a  model  as  shown 
schematically  in  Fig.  4.  The  energetic  position  of  the  conduction  band  edge  (e)  is 
given  by  £e==EgbU]k  +  C/m*R 2  and  that  of  the  valence  band  edge  (h)  by  Eh--C/mh*R2, 
in  which  C  is  a  constant,  m*  and  m*  the  effective  masses  of  the  electron  and  hole 
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respectively  (in  units  me),  and  R  the  radius  of  the  particle.  At  very  small  particle  sizes 
the  increase  in  exciton  binding  energy  due  to  enhanced  Coulomb  interaction  is 
negligible  compared  to  the  widening  of  the  bandgap  due  to  quantum  confinement 
effects  The  energetic  position  of  the  electron  in  the  trap  is  assumed  to  be 

independent  of  particle  size  since  it  is  determined  by  the  local  structure  of  the  trap. 
The  maximum  of  the  exciton  emission  band  as  well  as  that  of  the  trap  emission  band 
can  be  calculated  as  a  function  of  R.  Plotting  the  calculated  maximum  of  the  trap 
emission  band  versus  that  of  the  exciton  emission  band,  gives  a  straight  line  for  both 
models.  The  slope  of  this  line  however,  is  different  for  both  cases.  When  the  trap 
emission  involves  the  edge  of  the  conduction  band  (A),  a  slope  of  y/m*  is  calculated 
0 1  is  the  reduced  mass  of  the  exciton,  in  units  me).  If  the  valence  band  plays  a  role  (B), 
the  calculated  slope  has  the  value  For  ZnO,  this  means  a  slope  of  0.64  for 

model  A,  and  a  slope  of  0.36  for  model  B.  The  value  predicted  by  model  A  is  in  fair 
agreement  with  the  experimentally  obtained  value.  This  indicates  that  the  sub- 
bandgap  emission  is  due  to  the  transition  of  a  photogenerated  electron  from  the 
conduction  band  to  a  deeper  lying  state. 

Fig.  5  shows  the  results  of  decay  measurements  performed  at  the  maximum  of 
the  trap  emission  band,  both  at  an  early  stage  of  particle  growth  and  on  fully  aged 
ZnO  particles.  It  is  clear  that  the  decay  curves  consist  of  multiple  ps-components.  Bi¬ 
exponential  fits  gave  good  results.  The  decay  time  for  the  fastest  component,  which 
comprises  more  than  90%  of  the  total  signal,  could  be  determined  quite  accurately.  At 
early  stages  of  particle  growth,  a  decay  time  of  0.9  ps  is  obtained  while  the  aged 
particles  exhibit  a  decay  time  of  1.3  ps.  Thus,  as  the  ZnO  particles  grow  bigger,  the 
quantum  efficiency  of  the  trap  emission  decreases  while  the  decay  time  increases. 

A  striking  feature  of  the  trap  emission  of  nanocrystalline  ZnO  particles  is  the 
observation  that  it  can  be  quenched  by  illumination  with  UV  light,  after  the 
suspension  has  been  saturated  with  an  inert  gas  (e.g.  nitrogen)  [4].  This  behaviour  has 
been  linked  to  the  removal  of  oxygen  from  the  system.  First,  bubbling  with  nitrogen 
removes  the  oxygen  molecules  from  the  suspension.  At  this  point,  the  trap  emission 
still  has  the  same  intensity  as  before.  Illumination  with  UV  light  leads  to  a 
photodesorption  of  the  oxygen  molecules  that  are  adsorbed  on  the  particle  surface  and 
cannot  be  removed  by  simply  bubbling  with  an  inert  gas  [4].  When  these  adsorbed 
oxygen  molecules  are  removed,  the  trap  emission  is  quenched.  To  explain  the 
quenching  of  the  trap  emission  it  has  been  proposed  that  trap  filling  occurs  via 
adsorbed  oxygen  on  the  ZnO  particle  surface  as  an  electron  shuttle  [4].  Removal  of 
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adsorbed  oxygen  by  UV  illumination  would  thus  quench  the  trap  emission.  In  Fig.  6 
the  intensity  of  the  trap  emission  is  shown  for  an  oxygen-free  suspension  of  ZnO 
particles  in  2-propanol.  Initially,  the  emission  intensity  slowly  decreases,  which  is  due 
to  the  slow  removal  of  chemisorbed  oxygen  under  UV  illumination.  After  a  few 
minutes  in  the  dark,  the  emission  signal  recovers  to  its  initial  value,  but  now  the  signal 
decreases  rapidly  under  UV  illumination.  This  observation  is  not  in  agreement  with  an 
electron  shuttle  mechanism  via  chemisorbed  oxygen.  In  that  case,  there  would  be  no 
difference  in  quenching  rates  after  the  emission  signal  has  fully  recovered.  Also,  the 
trap  emission  process  most  probably  does  not  involve  surface  traps,  as  bulk  ZnO 
exhibits  the  same  characteristic  emission. 

Instead,  we  ascribe  the  quenching  of  the  trap  emission  to  the  creation  of  excess 
electrons  on  the  ZnO  particles.  In  the  absence  of  oxygen,  which  tends  to  trap 
electrons,  the  ZnO  particles  will  be  charged  upon  illumination  as  the  holes  can  still  be 
scavenged  by  the  2-propanol  molecules.  As  a  result,  the  Fermi  level  inside  the 
semiconductor  particle  will  be  raised  above  the  level  of  the  trap  involved  in  the 
emission  process.  For  instance,  it  is  known  that  in  ZnO  a  positive  monovalent  oxygen 
vacancy  (V0*)  gives  a  defect  level  that  lies  about  2  eV  below  the  edge  of  the 
conduction  band  [7].  If  the  nanoparticles  are  charged  with  electrons,  these  centers  will 
no  longer  exist  as  they  are  converted  to  V0X  centers  (neutral  oxygen  vacancies),  whose 
position  is  about  0.05  eV  below  the  conduction  band  [7].  If  the  VQ*  levels  were 
involved  in  the  trap  emission  process,  this  emission  will  be  quenched  when  the 
particles  are  charged.  For  example,  V0*  centers  could  be  involved  in  fast  trapping  of 
holes,  forming  V0**  centers,  followed  by  radiative  recombination  of  a  conduction 
band  electron  with  the  trapped  hole,  yielding  a  visible  trap  emission.  The  rate  of  the 
quenching  process  is  dependent  on  the  UV  intensity  and  the  ability  of  the  solvent 
molecules  to  scavenge  holes  from  the  particles.  Keeping  the  suspension  in  the  dark  for 
a  period  of  time  leads  to  a  discharge  of  the  particles.  The  influence  of  electron  storage 
on  the  fluorescence  properties  of  colloidal  ZnO  films  has  been  investigated  before  [8], 
with  observations  similar  to  the  ones  described  here. 

It  is  clear  that  when  the  trap  emission  quenches,  the  intensity  of  the  exciton 
emission  increases.  At  the  same  time,  the  maxima  of  both  emission  bands  shift 
(A£'=0.03  eV).  The  trap  emission  band  shifts  to  higher  energy,  while  the  exciton 
emission  band  does  the  opposite.  Admission  of  oxygen  restores  the  original  situation. 
The  slight  shift  of  the  emission  bands  upon  UV  illumination  may  be  explained  by 
assuming  that  only  the  trap  emission  from  the  larger  particles  in  the  suspension  is 
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quenched.  Consequently,  the  intensity  of  the  exciton  emission  from  the  larger 
particles  increases  resulting  in  a  shift  of  the  maximum  of  the  exciton  emission  band  to 
lower  energies.  The  remaining  trap  emission  originates  only  from  the  smallest 
particles  and  therefore  lies  at  a  higher  energy. 

CONCLUSION 

Emission  and  decay  measurements  were  performed  on  suspensions  of  nanocrystalline 
ZnO  particles  with  various  sizes.  Quantum  efficiency  measurements  show  an  increase 
of  the  efficiency  for  smaller  particles.  At  the  same  time  the  decay  time  of  the  trap 
emission  decreases.  Both  the  exciton  and  the  trap  emission  band  shift  to  higher 
energies  with  decreasing  particle  size.  From  the  linear  relationship  (with  a  slope  of 
0.6)  between  the  maxima  of  both  emission  bands,  it  can  be  derived  that  the  trap 
emission  probably  involves  the  recombination  of  an  electron  with  a  deeply  trapped 
hole.  Finally,  the  quenching  behaviour  of  the  ZnO  trap  emission  under  UV 
illumination  in  an  oxygen-free  2-propanol  suspension  is  explained  by  a  charging  of 
the  particles. 
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Figure  1  :  Emission  spectra  of  a  suspension  of  ZnO  particles  in  2-propanol  at  different 
stages  of  the  particle  growth  at  room  temperature.  The  first  emission  spectrum  (a.)  is 
taken  after  15  min.  and  the  last  spectrum  (b.)  after  420  min.  of  particle  growth.  The 
spectra  are  taken  at  room  temperature  upon  excitation  with  4.45  eV. 
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Figure  2  :  Quantum  efficiencies  (relative  to  Coumarin  153)  versus  particle  radius. 
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Figure  3  :  The  maxima  of  the  trap  emission  band  plotted  versus  the  maxima  of  the 
exciton  emission  band,  as  obtained  from  the  emission  spectra  from  Fig.  1.  The  straight 
line  is  a  linear  fit  to  the  experimental  points. 
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Figure  4  :  Schematic  pictures  of  two  models  that  describe  the  origin  of  the  trap 
emission  band  and  the  exciton  emission  band  of  nanocrystalline  ZnO  particles.  It  is 
assumed  that  the  energetic  position  of  a  trapped  charge  carrier  is  independent  of 
particle  size  (=  dashed  line).  It  is  also  assumed  that  the  trap  emission  involves  one  of 
the  band  edges. 
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Figure  5  :  Decay  measurements  performed  on  a  suspension  of  ZnO  particles  at  an 
early  stage  of  particle  growth  (a)  and  on  fully  grown  particles  (b).  The  emission  was 
monitored  at  the  maximum  of  the  trap  emission  band  (a:  2.53  eV,  b:  2.32  eV). 
Excitation  took  place  with  4.03  eV  from  a  pulsed  XeCl  excimer  laser.  The  straight 
lines  are  bi-exponential  fits  to  the  data  points. 
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Figure  6  :  Intensity  of  the  trap  emission  of  a  suspension  of  nanocrystalline  ZnO 
particles  in  2-propanol  during  illumination  with  UV  light.  The  suspension  has  first 
been  saturated  with  nitrogen.  The  graph  on  the  right  shows  the  fast  quenching  of  the 
trap  emission  in  more  detail. 
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Figure  7  :  Emission  spectra  of  a  suspension  of  nanocrystalline  ZnO  particles  in  2- 
propanol  upon  excitiation  with  4.96  eV  (tf>E  is  the  photon  flux  per  constant  energy 
interval).  Spectrum  a  was  taken  under  normal  conditions  while  for  spectrum  b  the 
suspension  was  first  saturated  with  nitrogen  and  illuminated  with  UV  light. 
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ABSTRACT 

Atomic  force  microscopy  (AFM)  studies  have  demonstrated  that  surface 
reconstructions  on  the  (111)  and  (100)  faces  of  C60  single  crystal  are 
generated  and  controlled  by  exciton  band  (1.6  ~  2.2  eV)  excitation.  The 
surface  reconstruction  is  a  kind  of  partial  dislocation,  similar  to  that  on 
inorganic  materials.  These  photo-generated  surface  structures  appear  as 
different  nano-patterns  depending  on  light  intensity  and  polarization  as 
well  as  lattice  symmetry,  suggesting  that  the  cooperative  interaction 
between  photon  excitation  process  and  anisotropic  lattice  symmetry  of  the 
surface  molecules  accounts  for  the  surface  reconstruction. 


I.  INTRODUCTION 

Surface  reconstructions  have  been  widely  studied  on  metals  and  semiconductors 
[1-4],  since  the  creation  of  these  structures  is  often  accompanied  with  interesting 
physical  phenomena.  Generally,  surface  reconstructions  are  attributed  to  the  lack  of 
symmetry  of  surface  atoms  in  comparison  with  bulk  atoms.  In  a  certain  parameter 
range  the  reconstructed  surface  structures  are  usually  minimal  in  energy  and  appear  to 
be  metastable  structures,  e.g.,  they  have  been  generated  by  thermal  treatment  [1,2], 
electrochemical  potential  [3],  and  the  presence  of  adsorbates  [4].  Here,  we  report  the 
first  example  of  photo-induced  surface  reconstruction,  which  was  observed  on  the 
(111)  and  (100)  faces  of  C^o  single  crystals  by  using  an  atomic  force  microscopy 
(AFM).  These  photo-induced  structures  appear  as  different  nano-patterns  dependmg 
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on  light  intensity  and  polarization  as  well  as  lattice  symmetry,  suggesting  that  the 
cooperative  interaction  between  photon  excitation  process  and  anisotropic  lattice 
symmetry  of  the  surface  molecules  accounts  for  the  reconstruction. 

Our  strategy  for  exploring  photo-induced  surface  reconstruction  system  is  as  the 
following  two-fold:  (I)  To  search  a  metastable  surface  phase  in  which  the  energy 
difference  between  the  metastable  phase  and  stable  phase  is  relatively  small.  This  may 
allow  the  existence  of  the  metastable  phase  or  coexistence  of  the  two  phases  on  the 
surface.  (II)  To  select  the  excitation  within  the  Urbach-Martiensen  (U-M)  tail  of  the 
lowest  exciton  absorption  band,  where  strong  electron-lattice  coupling  is  expected 
[5,6].  For  a  suitable  system,  the  exciton-lattice  coupling  constant  (g)  should  be  greater 
than  1  [6].  These  prerequisites  are  met  in  the  case  of  Cm-  It  has  been  reported  that  Cm 
may  condense  into  both  face-centered  cubic  (fee)  and  hexagonal-close-packed  (hep) 
phases  at  room  temperature  [7J.  The  hep  phase  is  a  metastable  one,  and  the  cohesive- 
energy  difference  between  hep  phase  and  fee  phase  is  as  small  as  AE=0.9  keal/mol  [7] 
and  surface  reconstruction  (coexistence  of  the  two  phases)  has  been  observed  on  Cm 
thin  films  [8,9],  The  UV-visible  absorption  spectrum  of  solid  Cm  shows  a  band  gap  at 
2.3  eV,  and  a  U-M  tail  in  the  range  of  2.0  ~  1.6  eV  [10]  corresponding  to  Frenkel 
exciton  band  [11].  Furthermore,  the  g  factor  is  reported  to  be  3.7  [12]  which  is  much 
larger  than  those  of  the  other  typical  molecular  systems  [6].  Therefore,  Cm  single 
ciystal  is  a  good  candidate  for  the  demonstration  of  photo-induced  surface 
reconstruction. 


n.  Experimental 

The  laser  beam  incident  perpendicularly  to  the  crystal  surface.  Light  intensity 
was  controlled  by  applying  neutral  density  filters  or  adjusting  the  size  of  the  laser 
beam.  For  the  observations  of  photo-induced  surface  reconstruction,  a  commercial 
AFM  setup  was  used  (Seiko  SPA3700  instrument)  under  ambient  conditions.  All  the 
images  shown  in  the  present  work  were  obtained  in  constant  height  mode,  while  precise 
height  information  was  obtained  from  simultaneous  constant  force  mode  images.  A 
triangular-shaped  Sijfy  cantilever  with  a  spring  constant  of  0.02  N/m  was  used  to 
acquire  images  in  contact  mode.  The  applied  force  was  typically  0.1  nN. 

HI.  RESULTS 

A  semiconductor  laser  with  photon  energy  of  1.85  eV  and  power  of  50  pW  was 
used  as  the  light  source  to  excite  die  exciton  band  in  the  range  of  2.0  -  1.6  eV.  High 
quality  fee  single  crystals  were  prepared  via  a  vapor  transport  technique  [13].  As- 
grown  crystals  with  large  (111)  and  (100)  surfaces  were  imaged  by  AFM.  Figure  la 
shows  an  AFM  image  of  the  (111)  surface  of  Cm  crystal  before  illumination.  The 
surface  consists  of  multilayer  steps  and  molecularly  flat  terraces.  After  illumination 
(1.1  x  104  photons/nm2  s  ),  arrays  of  dislocation  line  (DL)  were  observed  along  the 
three  equivalent  [112]  directions  creating  a  reconstructed  surface  (Fig.  lb).  DLs  in  the 
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three  equivalent  [112]  directions  cross  each  other  forming  triangular  nano-pattems. 
These  DLs  are  typical  partial  dislocation  [14]  corresponding  to  one  dimensional 
domain  walls  between  fee  and  hep  stacking  regions.  In  the  dislocation  region,  the 
molecules  occupy  bridge  site  instead  of  hollow  site  of  the  lower  layer  molecules  (as 
shown  in  Fig.  2a)  and  look  higher  in  the  AFM  image.  The  nearest-neighbor  distance 
between  parallel  DLs  is  in  the  range  of  90-110  nm  and  the  corrugation  difference  of 
the  DLs  is  about  0.3  nm.  Similar  structures  were  also  observed  on  surface  of  Cm  thin 
films  [8,9]  and  C70  single  crystal  [15].  In  the  lower  right  part  of  the  image  (represented 
by  “S”),  which  was  in  the  shadow  of  the  AFM  tip  and  cantilever,  no  reconstruction 
appeared.  The  clear  boundary  between  the  reconstructed  and  unreconstructed  areas 
suggests  that  reconstruction  is  not  created  via  a  thermal  process,  but  via  a  photo- 
induced  process.  This  is  further  confirmed  by  the  calculation  of  photo-induced 
temperature  increase  which  is  only  10-15  K  under  the  present  illumination  conditions 
and  experimental  result  that  the  reconstruction  can  not  be  generated  when  the  sample 
temperature  is  higher  than  90  °C.  To  eliminate  the  possibility  of  adsorbate  induced 
effect  [4],  we  also  illuminated  the  surface  under  ultra  high  vacuum  (UHV)  condition  (3 
x  10'10  Torr),  and  observed  the  same  phenomena.  On  the  other  hand,  the  reconstructed 
surface  structure  disappeared  after  heating  the  crystal  under  N2  atmosphere  (in  absence 
of  O2)  at  about  300  °C.  This  implies  that  the  reconstructed  surface  is  a  metastable  state 
and  can  be  relaxed  thermally. 

Remarkably,  surface  reconstruction  does  not  depend  on  the  light  intensity 
linearly.  Fig.  3  represent  plot  of  the  density  of  the  DL  as  a  function  of  incident  light 
intensity.  It  is  apparent  that  surface  reconstruction  is  initiated  at  a  threshold  light 
intensity  value  of  ca.  3.6  x  103  photons/nm2-s  ,  maximizing  at  a  value  of  ca.  1  x  10 
photons/nm2-s.  Thereafter,  DL  density  decreases  with  increasing  light  intensity.  This 
is  probably  due  to  a  near  surface  reconstruction  which  may  occur  in  several  layers  at 
these  higher  light  intensities. 

Furthermore,  we  illuminated  the  Cm  single  crystal  surface  at  different  photon 
energies  with  normalized  light  intensity.  The  results  are  summarized  as  following:  (I) 
under  super-band  gap  (2.3  eV)  illumination  with  photon  energy  of  3.81  eV,  2.78  eV  or 
2.41  eV,  cracked  surfaces  were  generated  which  were  reported  to  be  due  to  a 
photochemical  reaction  [16],  and  (II)  under  sub-band  gap  (Frenkel-exciton) 
illumination  with  photon  energy  of  1.96  eV  or  1.85  eV,  reconstructed  surfaces  were 
generated.  IR  and  Raman  measurements  of  the  Cm  thin  films  show  no  spectroscopic 
change  after  the  illumination  and  indicating  that  no  photochemical  reactions  occur  with 
photon  energy  of  either  1.96  eV  or  1.85  eV  [17].  It  is  considered  from  these 
observations  that  excitation  of  the  Frenkel  exciton  is  responsible  for  photo-induced 
surface  reconstruction  on  Cm  single  crystal. 

Upon  photon  absorption  in  the  1.6  -  2.2  eV  range,  Frenkel  excitons  are  generated 
from  a  strong  exciton-lattice  coupling  effect  (g  =  3.7)  in  solid  Cm  [12].  These  excitons 
are  found  hopping  between  the  nearest  neighbor  molecules  [18],  i.  e.,  anisotropic 
hopping  along  the  three  equivalent  [110]  directions  on  the  (111)  surface  or  two 
equivalent  [011]  directions  on  (100)  face.  The  electron-lattice  coupling  occurs  during 
the  exciton  relaxation,  such  as  self-trapping  and  annihilation  process  [10].  Considering 


Electrochemical  Society  Proceedings  Volume  98-19 


404 


the  situation  of  resonance  vibronic  coupling  [19,20]  at  higher  light  intensity,  collective 
molecular  displacement  is  induced  on  die  surface  of  the  crystal  which  results  in  a  large 
scale  surface  molecular  rearrangement.  In  a  highly  ordered  system  the  collective 
displacement  of  the  molecules  are  confined  in  specific  directions  according  to  the 
lattice  symmetry  [14].  On  the  (111)  surface,  the  collective  displacement  is  along  the 
three  equivalent  [110]  directions  (top  of  Fig.  4a),  therefore  the  DLs  are  created  in 
perpendicular  [1 12]  directions  forming  a  triangular  pattern  (Fig.  4a).  On  the  (100) 
surface,  the  collective  displacement  is  along  two  equivalent  [Oil]  directions  (top  of 
Fig.  4b)  and  may  generate  the  DLs  in  petpendicular  [Oil]  directions.  Accordingly,  we 
can  also  predict  a  cubic  nano-pattern  on  the  (100)  face  of  the  crystal.  The  experimental 
result  indeed  shows  the  cubic  nano-pattern  on  the  (100)  face  of  single  crystal  (Fig.  4b). 
These  observations  indicate  that  under  unpolarized  light  illumination  the  DLs  appear  in 
all  possible  symmetric  directions  of  the  crystal  lattice. 

Considering  the  general  interaction  of  a  photon  with  a  molecule,  the  major 
force  operating  on  the  electrons  in  consequence  of  a  passing  light  wave  is  due  to  the 
undulating  electric  field.  Additionally,  the  direction  of  photo-induced  dipole  is  always 
parallel  to  the  direction  of  the  electric  field  [21].  Therefore,  the  orientation  of  the  DLs 
is  expected  to  be  controlled  by  linear  polarized  light.  We  used  polarized  light  with  the 
electric  field  parallel  to  one  of  the  [110]  direction  to  illuminate  the  (1 1 1)  surface.  After 
illumination  (Fig.  4c),  the  DLs  are  oriented  in  only  one  [112]  direction  which  is 
perpendicular  to  the  direction  of  the  electric  field  indicating  a  collective  molecular 
displacement  along  the  [110]  direction  (top  of  Fig.  4c).  In  this  case,  the  excitons 
hopping  mainly  occur  in  this  [110]  direction,  resulting  in  a  stronger  lattice  vibration 
along  this  direction.  Likewise,  the  DL  arrays  were  also  generated  in  the  other  [112] 
directions  by  turning  light  polarization  direction  in  a  petpendicular  [110]  direction.  It 
should  be  noted  that  the  present  photo-induced  reconstruction  is  different  from  pulsed 
laser  induced  periodic  damage  structure  on  inorganic  materials  in  which  periodic  arrays 
were  also  generated  in  a  perpendicular  direction  of  the  light  polarization  [22].  The 
latter  has  no  relation  with  die  surface  lattice  symmetry  of  the  crystals. 

IV.  CONCLUSIONS 

Above  all,  a  Cm  single  crystal  was  used  as  an  ideal  model  to  demonstrate  a 
photo-induced  surface  reconstruction.  Both  lattice  symmetiy  and  light  polarization 
dependent  reconstruction  effects  suggest  that  the  surface  reconstruction  is  due  to  the 
cooperative  interaction  between  the  photo-induced  collective  molecular  displacement 
and  the  anisotropic  lattice  structure  of  the  crystals.  Moreover,  photo-induced  surface 
reconstruction  can  be  understood  as  a  general  phenomenon  and  may  occur  on  a  wide 
variety  of  molecular  crystals,  e.g.,  by  using  the  same  strategy,  we  have  recently  realized 
photoinduced  phase  transition  on  the  surface  of  anthracene  single  crystals. 
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(a) 


(b) 


Figure  1:  AFM  images  (10  pm  x  10  pm)  of  the  C<so  (111)  surface  (a)  before  and  (b) 
after  laser  illumination  for  I  hr.  The  nearest-neighbor  distance  between  parallel  DLs  is 
in  the  range  of  90-1 10  nm  and  the  corrugation  difference  of  the  DLs  is  about  0.3  nm. 
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(Ill)  face 


(100)  face 


Figure  2  :  Plane  view  of  the  (111)  and  (100)  face  of  Cm  single  crystal  showing  the 
definition  of  azimuthal  directions  and  bridge  site  (labeled  as  B)  and  hollow  site  (labeled 
as  H)  on  these  faces.  Filled  circles  represent  the  top  layer  molecules. 


Fig.  3  The  light  intensity  dependence  of  the  number  of  DL  density  (n/pm)  in  [110] 
direction  on  the  (111)  face  of  Ceo  single  crystal.  Illumination  time  was  1  hour  at  every 
data  point. 
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Figure  4  :  AFM  image  of  (a)  the  triangular  and  (b)  cubic  nano-patterns  which  were 
generated  by  using  unpolarized  light  (1  hour  illumination  with  the  intensity  of  1 .8  x  104 
photons/nm2  s )  on  the  (1 1 1)  face  and  (100)  face  of  C«)  single  crystal,  respectively,  (c) 
The  dislocation  array  was  generated  in  one  of  the  individual  [110]  directions  by 
illuminating  with  linear  polarized  light  (1  hour  illumination  with  the  intensity  of  1.5  x 
104  photons/nm2s  )  on  the  (111)  face  of  the  single  crystal.  The  scales  of  images 
are  10  pm  x  10  pm,  respectively.  On  top  of  the  images,  fast  Fourier  tansform  (FFT) 
and  two  layer  molecular  models  of  the  collective  molecular  displacement  under 
different  conditions  are  shown.  In  molecular  models,  the  top  layer  molecules  are 
represented  by  filled  circles.  The  collective  molecular  displacement  directions  of  the 
top  layer  molecules  are  indicated  by  the  arrows,  which  are  just  parallel  to  the  FFT 
patterns. 
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PHOTORESPONSE  OF  SPRAY-  PYROLYTICALLY  SYNTHESIZED 
NANOCRYSTALLINE  n-FejQi  THIN  FILM  ELECTRODES  TOWARDS 
THE  WATER-SPLITTING  REACTION 

by 

Shahed  U.  M.  Khan  and  Jun  Akikusa 
Department  of  Chemistry  and  Biochemistry 
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ABSTRACT 

Semiconducting  nanocrystalline  thin  films  of  n-Fe^  were  synthesized  by  spray- 
pyrolytic  method  and  their  photoresponse  towards  water-splitting  reaction  was 
studied.  The  photoresponse  of  these  films  was  found  to  depend  on  the  spray 
time,  substrate  temperature,  solvent  composition  in  the  spray  solution  and  as 
well  as  on  the  concentration  of  the  spray  solution.  The  maximum  photocurrent 
density  of  3.7  mA  cm*2  at  0.7  V/SCE  was  obtained  at  the  n-Fe^  film 
synthesized  using  the  optimum  condition  of  substrate  temperature  of 350°C,  the 
spray  time  of  60  sec  and  the  spray  solution  of  0.1 1  M  FeCl3  in  100%  ethanol. 

The  bandgap  energy  of  thus  film  was  found  to  be  2.05  eV.  The  flatband 
potential  of -0.74  V/SCE  and  the  donor  density  of  2.2  x  1020  cm*3  was  found 
from  the  Mott-Schottky  plots  at  the  AC  frequency  of  1000  Hz.  The  n-Fe^ 
films  synthesized  using  the  optimum  conditions  gave  rise  to  a  conversion 
efficiency  of  4.7  %  and  a  practical  conversion  efficiency  of  1 .8  %  at  an  applied 
potential  of  0.2  V/SCE  at  pH  14. 

INTRODUCTION 

As  a  photoelectrode,  n-Fe^  has  an  advantage  of  having  small  bandgap  energy  of  about 
2.0  eV  which  corresponds  to  the  wavelength  of 620  nm  (1, 2)  and  as  a  result  it  can  absorb 
most  of  photons  of  AM  1  illumination.  n-Fe^  is  naturally  abundant  in  the  earth's  crust. 
n-Fe^  films  were  investigated  by  several  researchers  (1-8).  For  example,  iv-Fe^  films 
were  synthesized  by  sputtering  method  (4),  and  by  pressing  powders  of  Fe2Q3  (5-7).  The 
n-FezOs  films  were  also  synthesized  using  the  spray  pyrolysis  method  (1,  2)  on  a 
conducting  SnCh  coated  glass  substrate.  Although  the  photoresponse  of  n-FeaOB  towards 
water  splitting  to  hydrogen  and  oxygen  gases  was  improved  by  doping  with  iodine  (2),  the 
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optimum  reaction  conditions  of  the  spray-pyrolytic  synthesis  of  n-FetzCb  films  have  not  been 
investigated. 

In  this  work  we  focused  on  the  optimization  of  spray-pyrolytic  synthesis  of 
nanocrystalline  n-Fe^  films  in  terms  of  spray-time,  solvent  composition  in  the  spray- 
solution,  concentration  of  the  spray-solution  and  the  substrate  temperature  for  the  efficient 
photoelectrochemical  splitting  of  water.  Various  physical  properties  such  as  quantum 
efficiency,  flatband  potential,  bandgap  energy  ami  the  doping  density  of  such 
nanocrystalline  films  were  also  determined. . 


EXPERIMENTAL 
Synthesis  of  n-FejCfe  Thin  Films  by  Spray-Pyrolysis: 

An  n-FezCH  Photoanode  was  prepared  by  the  spray-pyrolysis  method  and  it  was 
described  in  detail  in  the  earlier  reports  (9-12).  Tin  oxide  glass  sheet  (60  Cl  cm2,  1/8  inch 
thickness  pyrex  glass,  Swift  Gass  Company,  NY)  was  used  as  a  substrate  for  the  spray- 
pyrolytic  deposition  of  nanocrystalline  n-Fe203  thin  films. 

A  small  area  of  the  tin  oxide  glass  was  covered  by  aluminum  foil  to  prevent  the 
deposition  of  n-Fe^  so  that  this  area  can  be  used  for  the  electrical  contact.  An  area  of 
1.0  cm2  of  tin  oxide  surface  was  exposed  to  the  spray  solution  of  FeCh.fiHzO  in  ethanol. 
The  concentration  of  spray-solution  of  FeCl3.6H20  was  varied  from  0  .01  M  to  0.11  M 
and  the  temperature  of  the  substrate  on  the  hot  plate  were  changed  from  3 10  to  410°C  for 
the  spray-pyrolytic  synthesis  of  n-FezCb  films.  The  duration  of  each  spray  was  10  sec  with 
a  5  min  interval  to  maintain  a  constant  substrate  temperature.  The  electrical  contact  was 
made  by  connecting  the  uncoated  area  of  the  tin  oxide  surface  with  an  alligator  clip 
connector. 

Photoelectrochemical  Measure mients: 

The  photoelectrochemical  measurements  were  performed  in  a  glass  cell  having  a  flat 
pyrex  glass  window  to  facilitate  the  transmittance  of  light  to  the  photelectrode  surface. 
Tire  three-electrode  glass  cell  was  used  for  the  photoelectrochemical  measurements.  The 
working  iron  oxide  thin  film  had  a  surface  area  of  1.0  cm2,  while  a  Pt  wire  and  Ag/AgCl 
electrodes  were  used  as  the  counter  and  the  reference  electrodes  respectively.  A  constant 
intensity  of  50.0  watt  an'2  of  light  from  the  Xenon  lamp  (Kratos  Model  LH  150/1)  was 
maintained  taking  into  account  of  the  loss  through  the  pyrex  glass  window.  The  intensity 
of  light  was  measured  with  a  digital  radiometer  (model  IL  1350).  A  monochromator 
(kratos  model  GM  100)  was  used  to  generate  the  light  of  a  particular  wavelength.  The 
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electrolyte  solution  used  for  the  water-splitting  reaction  was  1.0  M  NaOH  A  scanning 
potentiostat  (EG  &  G  Princeton  Applied  Research,  Model  362)  was  used  for  the 
measurement  of  photocurrent  under  an  applied  potential.  The  Photocurrent  -  potential 
dependence  was  recorded  on  an  X-Y  recorder,  Houston  Model  RE  0092.  A  Keithley 
multimeter  was  also  used  to  monitor  the  photocurrent. 

AC  Impedance  Measurements: 

The  AC  impedance  of  n-FezOs  films  was  measured  using  an  EG  &  G  Two-Phase  Lock 
in  Analyzer  Model  5208  equipped  with  EG  &  G  potentiostat/  Galvanostat  Model  273. 
These  instruments  were  computer  controlled  by  EG  &  G  software  model  378  that 
automatically  adjusted  the  phase  angle  during  each  measurement.  AC  amplitude  of  10 
mV  was  used  for  all  the  measurements.  A  Pt  mesh  electrode  was  used  as  the  counter 
electrode  and  the  n-Fe^  films  were  used  as  the  working  electrode.  These  measurements 
were  carried  out  in  the  dark  at  1 .0  M  NaOH  sohitioa 

The  capacitance,  C  was  calculated  using  the  following  expression  of  impedance,  Z, 
for  a  series  capacitor-  resistor  model 


Z  =  Z'  +  iZ"  (1) 

where  Z'  is  the  real  part  of  the  impedance  and  Z"  is  the  imaginary  part  of  the 
impedance  from  which  the  capacitance,  C  can  be  obtained  using  Z"  =  -i/©C,  with  ©  = 
2it£,  i  =  (-1)172,  and  f  is  the  AC  frequency  in  Hertz. 


RESULTS  AND  DISCUSSION 
Photocurrent  Density  -  Applied  Potential  Dependence: 


Fig.  1  shows  the  dependence  of  photocurrent  density  on  the  applied  potential  at  spray- 
pyrolytically  synthesized  n-Fe^  films.  A  highest  photocurrent  density  of  3.7  mA  cm*2  at 
0.7  V/SCE  was  observed  at  the  n-Fe^  film  synthesized  using  60  sec  spray-time  at  the 
substrate  temperature  of  3 10°C.  Fig.  1  also  includes  the  results  of  photocurrent  density  at 
n-FeA  synthesized  earlier  (2)  by  spray-pyrolysis  method  including  iodine  in  the  spray- 
solution  which  consisted  of  80%  EtOH  and  20%  of  1 .0  M  HC1  in  0. 1  M  FeCb  solution.. 

It  is  important  to  note  that  the  n-FezCh  films  synthesized  in  the  present  work  gave  rise 
to  a  much  higher  photoresponse  compared  to  those  of  earlier  studies  (1, 2).  Furthermore, 
the  n-Fe203  films  synthesized  in  this  work  showed  a  higher  photoresponse  compared  to 
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those  prepared  by  the  compression  of  n-FezCb  powder  or  by  the  thermal  oxidation  of  iron 
metal  sheks  (18-20). 

Effect  of  Solvent  Composition  in  the  Spray  Solution: 

In  order  to  improve  the  photoresponse  of  n-Fe^  films  the  solvent  composition  in  the 
spray  solution  was  varied.  Fig.  2  shows  the  dependence  of  the  photocurrent  density  on 
the  solvent  composition  in  the  spray-solution  at  an  applied  potential  of  0.6  V/SCE.  A 
moderate  dependence  of  the  photocurrent  density  on  the  composition  of  the  solvent  was 
observed,  and  the  highest  photoresponse  was  found  when  the  solvent  in  the  spray  solution 
was  100  %  EtOH. 

The  difference  of  the  photoresponse  on  the  solvent  composition  in  the  spray  solution 
can  be  attributed  to  the  difference  in  the  heat  of  vaporization;  AHUp  which  is  35.21  kJ/mol 
for  MeOH  and  38.36  kJ/mol  for  EtOH  (13).  We  also  observed  that  the  use  of  HC1  acid  in 
the  spray  solution  decreased  the  photoresponse  to  a  considerable  extent. 

Effect  of  Concentration  of  the  Spray  Solution: 

The  effect  of  concentration  of  the  spray  solution  on  the  photocurrent  density  is  plotted 
in  Fig.  3.  The  maximum  photocurrent  density  was  observed  when  the  concentration  of 
spray  solution  was  0.11  M  FeCl3  in  100%  ethanol.  This  result  indicates  that  at  low 
concentration  of  spray-solution  the  thickness  of  the  iron  oxide  film  becomes  too  thin  to 
absorb  enough  light  and  consequently  photocurrent  decreases.  At  high  concentration  of 
spray  solution  the  films  become  thick  enough  to  have  higher  resistance  and  as  a  result 
photocurrent  also  decreases. 

The  effect  of  Substrate  Temperature: 

The  substrate  temperature  for  the  spray-pyrolytic  deposition  is  dependent  on  the 
semiconductor  material.  The  dependence  of  photocurrent  density  on  substrate  temperature 
during  the  spray-pyrolytic  deposition  of  n-Fe^  thin  film  is  shown  in  Fig.  4.  It  is  observed 
that  the  photocurrent  density  becomes  limiting  when  the  substrate  temperature  is  about 
370°C.  It  also  shows  that  with  the  decrease  of  substrate  temperature,  the  photoresponse 
of  n-Fe^  decreases  remarkably.  This  can  be  attributed  to  the  feet  that  at  low  substrate 
temperature  the  quality  of  the  nanocrystals  became  poor  by  producing  dislocations  and 
kink  sites.  These  dislocations  and  kink  rites  act  as  the  recombination  centers  for  the 
photogenerated  electron-hole  pairs  and  consequently  reduce  the  photoresponse  of  these 
films. 
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Reproducibility  of  Spray-Pyrolytic  Synthesis  of  n-Fe^)3  Thin  Hints: 

It  is  important  to  test  the  reproducibility  of  the  synthesis  of  n-Fe^  thin  films  by  spray- 
pyrolysis  method.  The  reproducibility  was  tested  for  the  n-Fe^  films  synthesized  at 
optimum  substrate  temperature  of  370°C  for  60  sec  using  the  spray-solution  of  0.1 1  M 
FeCl3  in  100%  ethanol. 

Fig.  5  shows  the  photocurrent  Op)  -  potential  (E)  dependence  of  several  n-Fe^  films 
prepared  at  the  optimum  synthesis  condition  as  mentioned  above.  It  is  observed  that  the 
open  circuit  potential  did  not  change  and  stayed  at  -0.45  V/SCE  ±  0.03  V.  The  magnitude 
of  the  photocurrent  density  was  affected  especially  at  the  middle  of  the  S-curve  and  less 
affected  near  0.60  V/SCE.  The  average  photocurrent  density  of  3.06  mA  cm'2  (3.0,  3.0, 
3. 1, 3.15  mA  cm'2)  was  found  at  0.6  V/SCE  for  these  samples.  These  data  correspond  to  a 
standard  deviation,  ct  of  0.065  mA  ran'2  which  indicates  a  good  reproducibility  of  the 
spray-pyrolytically  synthesized  n-Fe^  films  in  this  work. 

Onset  Potential  from  jf  -  Potential  (E)  Plots: 

.  Fig.  6  shows  jp2  -  potential  (E)  dependence  of  n-Fe^  films.  A  straight  line  was 
observed  with  an  intercept  at  0.0  V/SCE.  This  potential  of  0.0  V/SCE  represents  the 
onset  potential  for  the  generation  of  photocurrent  density  in  the  milli  amperes  range  in  1.0 
M  NaOH  electrolyte  solution  of  pH  14. 

Quantum  Efficiency: 

The  quantum  efficiency  under  monochromatic  light  illumination,  r|(A.)  was  calculated 
using  the  following  relation  (22), 

n(X)  =  jp(X)/eolo(A)  (2) 

where  jp  (A.)  is  monochromatic  photocurrent  density,  eb  is  electronic  charge,  and  (X)  is 
the  flux  of  incident  photon  at  wavelength,  X. 

The  quantum  efficiency  of  n-Fe^  films  was  calculated  using  Eq.  (2),  and  the  results 
are  shown  in  Fig.  7.  The  quantum  efficiency  starts  to  increase  near  600  nm  having  energy 
of  2.07  eV.  The  maximum  quantum  efficiency  of  22.5  %  was  obtained  at  370  nm  This 
value  of  low  quantum  efficiency  indicates  higher  recombination  of  photo-generated  holes 
in  the  n-Fe^  film  prior  to  reaction  with  the  OKT  in  the  electrolyte  solution. 
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Bandgap  Energy: 

The  bandgap  of  semiconducting  TiC>2  films  can  be  determined  using  the  following 
equation  (23-24), 


r\(X)hv  =  A(hv  -  Eg)“  (3) 

where  A  is  a  constant,  n  equals  either  0.5  for  allowed  direct  transition  or  2  for  allowed 
indirect  transitions.  The  allowed  direct  transition  of  an  electron  from  the  valence  band  to 
the  conduction  band  by  light  energy,  hv  is  not  phonon  assisted  since  such  a  transition  does 
not  need  any  change  in  momentum  (momentum  is  conserved).  For  the  indirect  bandgap 
the  transition  of  an  electron  is  phonon  assisted  since  such  a  transition  involves  change  in 
both  energy  and  momentum.  In  the  case  of  the  indirect  transition,  momentum  is 
conserved  via  a  phonon  interaction,  because  light  photons  cannot  provide  a  change  in 
momentum  (24).  Furthermore,  Eq.  (3)  is  most  appropriate  to  use  when  the  applied 
potential  is  far  from  the  flatband  potential,  so  that  the  transport  of  photogenerated  carriers 
inside  the  semiconductor  becomes  the  rate  determining  step  (25). 

The  bandgap  of  n-Fe^  film  was  determined  using  Eq.  (3).  Fig.  8  shows  the  plot  of 
(qhv)172  versus  hv.  A  straight  line  was  observed  and  an  intercept  was  obtained  at  2.05  eV 
which  corresponds  to  the  bandgap  energy  of  the  n-FesOj  film.  Several  values  of  optically 
measured  bandgap  of  were  reported,  such  as  2.3  eV  (1)  and  1.97  eV  (2).  The 

bandgap  of  2.05  eV  is  dose  to  earlier  reported  of  2.10  eV  which  was  determined  from  the 
constants  of  ionization  energy  and  the  electron  affinity  (26). 

Flatband  Potential  from  Mott-Schottky  plots: 

It  is  well  known  that  the  flatband  potential  (Ea,)  of  a  semiconductor  can  be 
obtained  from  the  intercept  of  Mott-Schottky  plot  using  the  relation, 

I/C2  =  (2/eoEeoNd)(Ew  -  E»  -  kT/e„)  (4) 

where  e  is  the  dielectric  constant  of  the  semiconductor,  e<,  is  the  permitivity  of  the 
vacuum,  Nd  is  the  donor  density,  E.ppis  the  applied  potential  and  kT/e*  is  the 
temperature  dependent  term  in  the  Mott-Schottky  equation. 

Fig.  9  shows  the  Mott-Schottky  plot  for  the  n-Fe^  film  at  various  AC  frequencies  in 
the  electrolyte  solution  of  1 .0  M  NaOH  in  the  dark.  In  Fig.  9  straight  lines  are  observed  at 
all  the  AC  frequencies  used  for  the  measurement  of  impedance. 
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For  n-Fe^,  film  a  angle  intercept  was  obtained  at  -0.71  V/SCE  for  the  AC 
frequencies  between  100  Hz  and  1000  Hz  giving  a  flatband  potential  of  -0.74  V/SCE 
which  included  the  kT/eo  term.  However,  at  higher  AC  frequencies  of  2500  Hz  and  5000 
Hz,  the  flatband  potentials  shifted  to  -0.82  V/SCE  and  -0.92  V/SCE  respectively  (see 
Table  1.). 

Effect  of  pH  of  the  Electrolyte  Solution  on  Flatband  Potential: 

Fig.  10  shows  the  Mott-Schottky  plots  for  the  n-Fe^Os  films  in  two  electrolyte 
solutions,  one  having  pH  =  0  (0.5  M  H2S04)  and  another  having  pH  =  14  (1.0  M  NaOH). 
The  AC  frequency  of  1000  Hz  was  used  for  the  measurement  of  impedance.  A  parallel 
shift  of  the  plot  toward  positive  potential  was  observed  without  any  change  in  the  slopes 
when  the  pH  was  changed  from  14.0  to  0.0.  The  intercept  of  the  lines  in  0.5  M  H2SO4 
and  1  M  NaOH  were  found  to  be  at  0.18  V/SCE  and  at  -  0.70  V/SCE  respectively.  This 
potential  shift  (AE)  of -0.88  V  corresponds  approximately  to  change  of  potential  by  -0.06 
V  per  pH. 

Donor  Density  in  n-Fej03  Films: 

The  donor  density  in  n-Fe^  films  was  determined  from  the  slope  of  the  Mott- 
Schottky  plot  in  Fig.  9.  Dielectric  constant  of  n-Fe^  film  was  used  as  12  (13).  Since  the 
slopes  of  these  plots  changed  with  the  AC  frequency,  the  donor  density  also  changed. 
Table  1  shows  that  the  AC  frequency  dependence  of  the  donor  density  ofn-FeiOa  was 
relatively  small  giving  a  donor  density  range  from  1 .6  x  1020  cm’3  to  3.6  x  1020  cm  in  the 
frequency  range  between  100  Hz  and  5000  Hz.  The  donor  density  at  the  AC  frequency  of 
1000  Hz  was  found  to  be  2.2  x  1020  cm'3.  For  a  comparison,  the  donor  density  of  n-Fe^ 
prepared  by  the  compression  of  FeA  powder  with  subsequent  sintering  was  reported 
earlier  to  be  7  x  1019  cm’3  measured  at  AC  frequency  of  1000  Hz  (27). 

Conversion  Efficiency 

The  conversion  efficiency  of  light  and  electrical  energy  to  chemical  energy  at  a 
semiconductor  photoelectrode  in  the  presence  of  an  external  applied  potential  under 
illumination  can  be  expressed  as  (1), 

%  8off  =  [(power  output)  /(total  power  input)]  x  100 

-  [Op  EVVOo  +  jPEw)]xl00  (5) 

where 

total  power  input  -  (light  power  input  +  electrical  power  input) 

=  (lo  +  jpE^)  (6) 
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jp  is  the  photocurrent  density  which  corresponds  to  the  rate  of  photo-assisted  water¬ 
splitting  reaction,  E0™  is  the  standard  reversible  potential  which  is  1.23  VZNHE  for  the 
water  splitting  reaction  at  pH  =  0,  lo  is  the  light  intensity  in  mW  cm'2  (25)  and  E^,  is  the 
appplied  potential  at  the  semiconducting  n-Fe^  electrode.  Using  Io  =  50  mW  cnr  andjp 
-  2.0  mA  cm'2  at  =  0.2  V/SCE  at  pH  =  14  (which  is  equal  tol  .27  V/NIIE  at  pH  =  0) 
in  eq.  5  the  conversion  efficiency  was  found  to  be  4.7  %. 

However,  the  practical  conversion  efficiency  of  light  energy  to  chemical  energy  in  the 
presence  of  an  applied  potential  can  be  expressed  as  (28), 

%  e«ff  (practical)  =  [(  power  output  -  electrical  power  input)/  (total  power  input)]  x  100 

=  Dp(Iw  -E^ya  +  jpE^pp)]  x  100  (7) 

where  Ew  =  (E0^  +  E  oi«voto*e)  is  the  practical  onset  potential  needed  to  split  water  which 
indudes  the  overvoltage,  E^™*^  for  the  water-splitting  at  a  Pt  electrode. 

Using  Io  =  50  mW  cm'2,  jp  =  2.0  mA  cm’2  at  an  applied  potential,  Ew  =  0.2  V/SCE  at 
pH  14  (=  1.27  VZNHE  at  pH  0.0)  andEOTCt=  1.73  VZNHE  (for  E™™*^  =  0.5  VZNHE) 
in  Eq.  7,  the  practical  conversion  efficiency  was  found  to  be  1 .8  %. 

In  conclusion,  it  should  be  pointed  out  that  the  spray-pyrolytically  synthesized 
nanociystalline  iron  oxide  thin  films  of  optimum  thickness,  crystal  structure  and  doping 
density  can  serve  as  an  inexpensive  and  stable  photoanode  for  the  efficient  photo-assisted 
water-splitting  reaction. 
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Table  1 .  Dependence  of  flatband  potential  and  donor  density  of  n-Fe2Q3 
on  the  frequency  of  Mott-Schottky  plot  in  1.0  M  NaOH. 


Frequency 

*  (Hz) 

Flatband  potential 

(V/SCE) 

Donor  density 

(cm-3) 

100 

-0.74 

3.6x1020 

500 

-0.74 

2.7x1020 

1000 

-0.74 

2.2x1020 

2500 

-0.82 

1.9x1020 

5000 

-0.92 

1.6x1020 
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Fig-1. 


60  sec 


Photocurrent  density  -  applied  potential  characteristics  of 
n-Fe2Q3  synthesized  by  the  spray  pyrolysis  method.  The 
concentration  of  the  spray  solution  was  0.11  M  FeCl3.  Spray 
solvent:  100%  EtOH,  spray  time:  60  sec,  pyrolysis 
temperature:  370  °C.  The  n-Fe2Q3  cells  with  "iodine 
doped"  and  "HCl  +  EtOH"  in  figure  were  made  according  to 
ref.  30,  31.  Light  intensity  of  Xe:  50  mWcm'2,  solution:  1.0 
M  NaOH.  . 
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EtOH  percent  ratio  to  MeOH  (%) 

Fig.  2.  Dependence  of  photocurrent  density  on  EtOH  /  MeOH  ratio 
of  solvent  for  the  synthesis  of  n-Fe2Q3-  The  concentration 
of  the  spray  solution  was  0.11  M  FeCl3.  Spray  time:  60  sec, 
pyrolysis  temperature:  370  °C.  Applied  potential:  0.60 
V/SCE,  light  intensity  of  Xe:  50  mWcm'2,  solution:  1.0  M 
NaOH. 
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Fig-  3.  Dependence  of  photocurrent  density  on  concentration  of 
FeCl3  solution.  Spray  solvent:  100%  EtOH,  spray  time:  60 
sec,  pyrolysis  temperature:  370  °C.  Applied  potential:  0.60 
V/SCE,  light  intensity  of  Xe:  50  mWcm'2,  solution:  1.0  M 
NaOH. 
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Fig.  4.  Dependence  of  photocurrent  density  on  the  pyrolysis 

temperature  of  the  synthesis  of  n-Fe203.  Spray  solution 
concentration:  0.11  M  FeCl3,  spray  solvent:  100%  EtOH, 
spray  time:  60  sec.  Applied  potential:  0.60  V/SCE,  light 
intensity  of  Xe:  50  mWcnr2,  solution:  1.0  M  NaOH. 
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Applied  potential  (V/SCE) 

Ficr.  5 .  Reproducibility  of  the  synthesis  of  n-Fe2Q3  for  the 

photocurrent-potential  characteristics.  The  n-Fe2Q3  film 
was  synthesized  by  the  spray  pyrolysis  method.  Spray 
solution  of  n-Fe2Q3  synthesis:  0.11  M  FeCl3,  spray  solvent: 
100%  EtOH,  spray  time:  60  sec,  pyrolysis  temperature:  370 
°C.  Electrolyte  solution  1.0  M  NaOH,  light  intensity  of  Xe: 
50  mWcm'2. 
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Applied  Potential  (V/SCE) 

Fig.  6.  Onset  ~  potential  determination  from  jp2  -  V  plot  for 
n-Fe2Q3.  Spray  solution  concentration:  0.11  M  FeCl3, 
spray  solvent:  100%  EtOH,  spray  time:  60  sec,  pyrolysis 
temperature:  370  °C.  In  solution  of  1.0  M  NaOH. 
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Fi a  7;  .  Quantum  efficiency  of  n-Fe203  synthesized  at  370  °C. 

Spray  solution  concentration:  0.11  M  FeCl3,  spray  solvent: 
100%  EtOH,  spray  time:  60  sec.  Applied  potential:  0.60 
V/SCE,  solution:  1.0  M  NaOH. 
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Fig.  8.  Bandgap  determination  of  n-Fe203  from  ('qhv)1^  vs.  hv 
plot.  Spray  solution  concentration:  0.11  M  FeCl3,  Spray 
solvent:  100%  EtOH,  Spray  time:  60  sec,  Pyrolysis 
temperature:  370°C.  Applied  potential:  0.60  V/SCE, 
Electrolyte  solution:  1.0  M  NaOH 
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Applied  potential  (V/SCE) 


Fig.  9  .  Mott-Schottky  plot  of  n-Fe203film  measured  at  various 

frequencies.  Solution:  1.0  M  NaOH,  AC  amplitude:  10  mV, 
measured  in  the  dark  condition.  Dielectric  constant  of 
Fe203: 12.  Spray  solution  of  n-Fe203  synthesis:  0.11  M 
FeCl3,  spray  solvent:  100%  EtOH,  spray  time:  60  sec, 
pyrolysis  temperature:  370  °C. 
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Applied  potential  (V/SCE) 


Fig.  to.  Dependence  of  Mott-Schottky  plot  on  pH  of  the  solution 
for  n-Fe2Q3  film-  The  pH  of  1.0  M  NaOH  was  14.0,  the  pH 
of  0.50  M  H2SO4  was  0.0.  AC  frequency :  1000  Hz, 

AC  amplitude:  10  mV,  measured  in  the  dark  condition. 
Spray  solution  of  n-Fe2Q3  synthesis:  0.11  M  FeCl3, 
spray  solvent:  100%  EtOH,  spray  time:  60  sec,  pyrolysis 
temperature:  370  °C. 
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Abstract 


In  this  paper,  we  investigate  changes  in  the  nonradiative  relaxation  rates 
of  electronic  levels  due  to  finite  size  effects  in  nanoparticles.  Nonradiative 
relaxation  processes  are  expected  to  be  inhibited  since  the  phonon  density 
of  states  becomes  sparse  with  a  low  frequency  cut  off  in  nanoscale  materials. 
The  results  of  time  resolved  measurements  on  Y203:Eu3+  nanoparticles  are 
compared  with  those  on  1  pm  sized  particles  of  Y203:Eu3+  with  the  same 
crystal  structure.  The  temperature  dependence  of  the  nonradiative  relaxation 
rates  is  measured  in  the  temperature  range  1.5  K  -  10  K. 


Electrochemical  Society  Proceedings  Volume  98-19 


430 


I.  INTRODUCTION 


The  phonon  density  of  states  at  low  frequencies  in  bulk  systems  is  known  to  be  well  de¬ 
scribed  by  the  Debye  model  which  predicts  that  the  phonon  density  of  states  is  a  continuous 
function  with  an  u>3  dependence.  However,  the  density  of  states  in  nanocrystalline  materials 
is  modified  due  to  the  finite  particle  size.  For  isolated  nanoparticles  the  phonon  spectrum 
is  expected  to  become  discrete  with  a  gap  opening  up  at  very  low  frequencies. 

The  Y2C>3:Eu3+  nanoparticles  used  in  this  study  are  in  the  form  of  a  white  powder  with 
particle  sizes  in  the  range  7  to  25  nm.  Particles  with  this  size  distribution  are  sufficiently 
small  that  they  are  unable  to  able  to  support  acoustic  phonons  with  energies  of  the  order  of 
a  few  wavenumbers. 

In  this  paper,  we  measure  fluorescence  transients  from  three  electronic  levels  with  narrow 
energy  separations  (3  cm"1  and  7  cm-1)  in  order  to  investigate  the  effect  of  the  modified 
phonon  spectrum  on  the  direct  process  relaxation  of  electronic  levels  in  nanocrystalline 
materials. 

We  have  calculated  the  vibrational  spectrum  for  Y2O3  spheres  with  7,  11  and  20  nm 
diameters  to  obtain  model  phonon  spectra  for  nanocrystals  with  sizes  in  the  range  7-25 
nm.  We  have  used  the  numerical  technique  of  Visscher  and  coworkers  [1]  to  calculate  the 
normal  modes  of  elastic  objects  under  stress  free  boundary  conditions.  We  point  out  that 
the  numerical  calculation  of  the  nanoparticle  vibrational  spectrum  has  an  advantage  over  an 
analytic  calculation  in  that  it  is  equally  appropriate  for  less  symmetric  nanopaxticle  shapes. 

For  these  calculations  it  was  necessary  to  use  the  elastic  constants  for  cubic  Y2O3  as  we 
were  unable  to  find  values  for  elastic  constants  for  monoclinic  Y2O3.  The  results  of  these 
calculations  are  presented  in  Fig.  1.  The  calculations  indicate  that  3  cm-1  and  7  cm"1 
phonons  in  nanoparticles  with  this  size  distribution  lie  either  below  the  cutoff  frequency  or 
in  a  region  where  phonon  modes  are  very  sparse.  We  therefore  anticipate  that  electronic 
relaxation  by  one  phonon  emission  will  be  either  absent  or  slowed  down  in  these  materials. 

We  compare  our  measurements  in  the  nanoparticles  with  similar  measurements  in  1  /xm 
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Y203:Eu3+  crystals  with  the  same  monoclinic  structure.  The  phonon  properties  of  the  1  /im 
materials  are  expected  to  be  very  similar  to  those  of  the  bulk  crystal.  We  observe  that  the 
form  of  the  time  resolved  emission  from  the  upper  levels  of  the  5Di  manifold  in  nanocrystals 
is  qualitatively  different  from  that  observed  in  the  1  /im  crystals. 

II.  EXPERIMENTAL  CONSIDERATIONS 

A  gas  phase  condensation  technique  using  C02  laser  heating  of  ceramic  pellets  was  used 
to  prepare  the  Y203:Eu3+  nanocrystals  used  in  this  study.  The  source  materials  were  sput¬ 
tered  under  400  Torr  of  Nitrogen  gas  and  collected  on  a  cold  finger  held  at  60  °C.  The  particle 
size  and  phase  of  the  nanocrystalline  powders  are  characterized  by  transmission  electron  mi¬ 
croscopy  and  powder  X-ray  diffraction,  respectively.  [2]  The  Y203:Eu3+  nanocrystals  grown 
using  these  parameters  have  diameters  in  the  range  7-23  nm.  Nanocrystals  prepared  in 
this  way  crystallize  in  a  monoclinic  phase  which  possesses  three  crystallographically  distinct 
cation  sites  (denoted  A,  B,  and  C).  [3],  [4] 

The  emission  from  Eu3+  ions  at  the  A  site  is  very  weak  due  to  energy  transfer  processes 
and  is  not  discussed  further  in  this  paper.  For  Eu3+  ions  situated  at  the  B  site,  the  level 
separations  of  the  second  and  third  levels  from  the  lowest  level  of  the  5Di  manifold  are  25 
cm'1  and  39  cm"1  respectively.  In  contrast,  Eu3+  ions  situated  in  the  C  site  have  energy 
separations  from  the  lowest  level  of  5Di  manifold  of  3  cm  1  and  7  cm  1  respectively. 

Both  nanocrystals  and  micron  sized  materials  were  mounted  in  small  wells  which  were 
machined  into  a  brass  sample  holder.  The  samples  were  held  in  place  by  a  glass  window 
which  provided  optical  access.  For  the  lowest  temperature  measurements  the  samples  were 
immersed  in  superfluid  liquid  helium  which  was  held  at  1.5  K.  Measurements  above  2.1  K 
were  performed  by  cooling  the  samples  with  cold  helium  gas. 

Fig.  2  shows  the  excitation  spectra  for  Eu3+  ions  at  the  B  and  C  sites  of  Y2O3  nanocrys¬ 
tals.  The  excitation  spectrum  for  Eu3+  ions  at  the  C  site  reveals  the  three  closely  separated 
electronic  levels  which  we  use  to  study  the  one  phonon  relaxation  process. 


Electrochemical  Society  Proceedings  Volume  98-19 


432 


III.  RESULTS  AND  DISCUSSION 

Fluorescence  transients  for  Eu3+  ions  situated  at  the  C  site  were  measured  for  both  the 
micron  sized  and  nanocrystalline  materials  and  are  shown  in  the  upper  and  lower  panels  of 
Fig.  3,  respectively. 

These  measurements  were  obtained  by  monitoring  the  fluorescence  from  the  lowest,  sec¬ 
ond,  and  third  levels  of  the  5Di  manifold  to  the  lowest  level  of  the  7F3  manifold  and  axe 
labelled  (a),  (b),  and  (c),  respectively.  All  transients  presented  in  this  paper  were  fit  (solid 
lines)  using  a  double  exponential  fitting  function. 

For  micron  sized  materials,  the  fluorescent  transient  for  the  lowest  level,  (a)  was  found  to 
have  a  single  exponential  decay  with  a  lifetime  of  137  /is  in  good  agreement  with  the  value 
of  138  ps  observed  previously  [2].  The  transients  for  the  second  (b)  and  third  (c)  levels  both 
exhibit  a  rapid  initial  decay  on  a  100  ns  timescale  (not  shown)  followed  by  long  tails  of  134 
ps  and  132  ps,  respectively.  This  behavior  is  consistent  with  rapid  direct  process  relaxation. 

As  can  be  seen  from  the  lower  panel  of  Fig.  3,  in  the  nanocrystalline  material,  the  fluo¬ 
rescence  from  the  lowest  level  of  the  5Di  manifold,  (a),  is  predominantly  single  exponential 
with  a  lifetime  of  131  / is .  However,  the  emission  from  the  second  level,  (b),  was  fit  to  a 
double  exponential  and  with  decay  times  of  27  ps  and  113  fts,  while  the  emission  from  the 
third  level,  (c),  yielded  decay  times  of  7  ps  and  101  ps.  i.e.  the  nonradiative  relaxation  of 
the  second  and  third  levels  is  much  slower  than  that  observed  in  the  bulk. 

The  nonradiative  lifetimes  described  above  were  found  to  be  independent  of  tempera¬ 
ture  in  the  range  between  1.5  K  and  10  K,  indicating  that  the  electronic  relaxation  in  the 
nanoscale  materials  was  dominated  by  neither  the  Orbach  nor  the  Raman  relaxation  process. 
The  exact  mechanism  by  which  electronic  relaxation  occurs  in  these  nanoparticles  has  not 
been  determined  at  this  time. 

Finally  we  point  out  that  the  emission  from  the  upper  two  levels  of  the  5DX  manifold  for 
Eu3+  ions  at  the  B  site  was  extremely  weak,  indicating  that  the  nonradiative  relaxation  rate 
for  these  levels  was  considerably  faster  than  that  for  Eu3+  ions  at  the  C  site.  The  energies 
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of  these  levels  25  cm-1  and  39  cm-1  above  the  5Di(I)  are  sufficiently  high  that  electronic 
relaxation  by  one  phonon  emission  process  is  no  longer  expected  to  be  absent. 

IV.  CONCLUSIONS 

We  have  investigated  the  effect  of  a  finite  size  modified  phonon  spectrum  on  the  elec¬ 
tronic  relaxation  in  Y203:Eu3+  nanocrystals.  The  nonradiative  decay  rates  observed  in  the 
nanoparticles  sure  dramatically  reduced  by  up  to  two  orders  of  magnitude  compared  to  those 
observed  in  micron  sized  materials.  The  mechanisms  responsible  for  the  electronic  relaxation 
in  the  nanoscale  materials  axe  the  subject  of  a  continuing  investigation. 
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FIGURES 

FIG.  1.  Vibrational  spectra  for  Y2O3  spheres  with  diameters  of  7,  11,  and  20  nm.  Elastic 
constants  for  cubic  Y2O3  were  used  in  these  calculations. 

FIG.  2.  Excitation  spectra  for  Eu3+  ions  situated  at  the  B  (upper  panel)  and  C  (lower  panel) 
sites  of  monoclinic  Y2O3.  The  crystal  field  splittings  are  much  smaller  for  Eu3+  ions  situated  at 
the  C  site. 

FIG.  3.  Fluorescence  transients  for  the  three  levels  of  the  5Di  manifold  in  micron  sized  and 
nanoscaled  Y2(>3:Eu3+  crystals  at  the  upper  and  lower  figures,  respectively.  The  bold  lines  are 
single  exponential  fits  to  the  data  for  micron  sized  material  and  multiexponential  fits  to  the  data 
for  nanoscale  materials.  The  dashed  line  is  the  fit  to  fluorescence  transient  of  the  lowest  level  scaled 
down  to  those  of  the  upper  levels  for  comparison,  (a)  6Di(I),  (b)  5Di(II)  and  (c)  5D1(III). 
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Figure  2. 


Electrochemical  Society  Proceedings  Volume  98-19  437 


Counts  ( arb.  units )  Counts  ( arb.  units ) 


OPTICAL  PROPERTIES  OF  Au  NANOCRYSTALS  CONFINED 
IN  POROUS  VYCOR  GLASS: 

Effects  of  Thermal  Annealing  and  Pulsed  Laser  Irradiation 

R.  Mu,  A.  Ueda,  M.H.  Wu  and  D.O.  Henderson 
Chemical  Physics  lab,  Department  of  Physics 
Fisk  University,  Nashville  TN  37208 

K.  Malone  and  G.  Mills 
Department  of  Chemistry 
Auburn  University,  Auburn  AL  36849 

A.  Meldrum 
Solid  State  Division 

Oak  Ridge  National  Labs,  Oak  Ridge,  TN  3783 1 
ABSTRACT 

Au  particles  were  generated  inside  porous  Vycor  by  photoreduction  of 
AuC14'  ions  present  in  the  channels  of  the  glasses.  The  as-prepared  Au-Vycor 
has  blue  color.  Both  optical  and  TEM  studies  suggest  that  the  Au  nanocrystals 
in  Vycor  is  very  small  in  size  and  the  presence  of  atomic  Au  possible.  Thermal 
annealing  below  600  °C  was  not  high  enough  to  cause  the  Au  to  diffuse  in 
Vycor.  At  the  temperature  above  600  °C,  more  and  more  Au  nanoparticles  are 
formed.  The  blue  color  faded  away  and  a  red  color  appeared.  At  a  temperature 
above  1000  °C,  there  is  a  dramatic  increase  in  the  surface  plasmon  intensity  and 
the  pore  network  of  the  Vycor  began  to  collapse.  At  1 100  °C,  long  time 
annealing  can  lead  to  loss  of  Au  in  Vycor  suggesting  the  rate  of  pore  collapsing 
was  not  fast  enough  to  encapsulate  the  Au  in  pores.  In  addition,  the  surface 
plasmon  absorption  band  is  broadened,  which  consists  of  two  peaks  indicating 
the  presence  of  elongated  Au  nanoparticles. 

Pulsed  laser  irradiation  at  8  mj/cm2  at  532  nm  with  a  pulse  width  of  30  ps 
can  lead  to  a  size  reduction  of  the  Au  in  pores.  The  size  reduction  of  the  Au 
nanoparticles  may  not  support  thermal  evaporation  mechanism.  The  optical  field 
induced  fragmentation  and  optical  irradiation  pressure  may  be  the  plausible 
mechanisms.  At  higher  fluences,  i.e.,  12  mJ/cm2,  elongated  Au  nanoparticles  are 
also  observed. 


INTRODUCTION 

Metallic  nanocrystals  embedded  in  glassy  and  single  crystal  host  materials  have  shown 
many  unusual  electronic  and  optical  (linear  and  nonlinear)  properties  with  respect  to  their 
bulk  counterparts  although  the  physical  structure  of  the  basic  building  blocks  forming  these 
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nanocrystals  is  virtually  identical  to  that  of  the  bulk  materials.  Both  electronic  and  optical 
properties  of  metallic  nanoparticles  result  from  the  extreme  spatial  localization .of  the  free 
electron  gas  inside  the  particles.  The  constrains  in  the  physical  dimension  including  the  size 
and  the  shape  of  the  nanocrystals  themselves  and  the  non-zero  amplitude  of  the 
wavefunction  outside  of  the  nanoparticles  of  the  confined  small  number  of free  electrons 
dictates  that  the  optical  properties  of  the  nanoparticles  can  be  strongly  influenced  by  both 
size,  shape  of  the  nanoparticles  and  their  confining  media. 

Driven  by  an  understanding  of  fundamental  principles  underlying  the  linear  and 
nonlinear  optical  properties  and  the  potential  of  creating  all  optical  switching  and  optical 
computing  devices,  [1,2]  there  has  been  an  explosion  of  research  activities  in  nanoparticle 
fabrication  techniques.  Metallic  nanocrystals  have  been  produced  both  from  chemical 
synthesis,  organometallic  vapor  deposition,  chemical  reduction  from  solution,  sol-gel 
techniques  and  by  physical  means,  such  as  pulsed  laser  deposition,  ion  implantation, 
sputtering  etc.  [3-6]  Among  these,  much  of  the  effort  has  been  devoted  to  the  precise 
control  of  the  particle  size  and  shape  and  to  the  production  of  the  nano-composite  materials 
in  the  optically  transparent  dielectrics. 

In  this  paper,  we  have  reported  new  experimental  approaches  using  porous  glass  with 
well  defined  pores  as  a  host  material  and  using  photochemical  reduction  of  a  solution 
containing  AuCl/  ions  as  the  means  to  generate  Au  nano-particles  in  the  optically 
transparent  media.  Both  the  size  and  the  shape  of  the  Au  particles  can  be  controlled,  to  a 
certain  extent,  by  the  pore  structure  of  the  host  and  the  thermal  annealing  conditions.  Pulsed 
laser  irradiation  experiments  were  also  conducted  to  explore  the  potential  for  re-sizing  the 
nanoparticle  that  reside  in  the  pores  of  the  host  material. 

EXPERIMENTAL 


L  Sample  Preparation;  . 

Porous  Vycor  glass  from  Coming  has  an  average  pore  size  of  4  nm  in  diameter.  The 
total  average  pore  volume  is  28%.  The  internal  surface  area  is  ~  250  m2/g.  The  chemical 
compositions  are:  >  96%  Si02,"3%  BjOj  and  ~  1%  of  other  trace  of  oxides  such  as,  NajO, 
A1203  and  Zr02. 

Au  particles  were  generated  inside  porous  Vycor  by  photoreduction  of  AuC14  ions 
present  in  the  channels  of  the  glasses.  The  first  step  was  to  immerse  the  glass  samples 
(either  1  x  1  cm  or  0.7  x  1  cm)  for  10  min  into  methanol  solutions  containing  1  x  10'2  M 
NaAuCl4.  The  glasses  were  removed  from  the  solutions  followed  by  drying  their  external 
surfaces.  At  this  point  the  samples  were  light  yellow  due  to  the  presence  of  the  metal 
complexes  in  the  channels  of  the  glasses.  It  was  found  that  evaporation  of  methanol  from 
the  glass  channels  was  very  slow,  which  allowed  for  illuminating  the  glasses  in  the  absence 
of  external  solutions  of  Au  precursors.  This,  in  turn,  minimized  formation  and/or 
precipitation  of  Au  crystallites  on  the  outside  of  the  Vycor  samples.  Exposure  times  of 
about  1  h  were  possible  before  severe  solvent  loss  caused  fogging  of  the  glasses. 

Photoreduction  of  the  Au  complexes  was  achieved  by  placing  the  Vycor  samples  inside 
closed  glass  containers  and  exposing  them  to  350  nm  photons  from  a  Rayonet  illuminator. 
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Spectrophotometric  determinations  at  wavelengths  above  500  nm  were  used  to  follow  the 
reaction  progress.  The  photochemical,  actinometric,  XRD  and  UV-Vis  measurements  were 

performed  as  described  previously  [3].  ; 

The  loading  mass  of  Au  into  porous  Vycor  glass  was  estimated  from  the  vacuum  dried 
total  mass  change  of  the  sample  before  and  after  the  sample  preparation.  The  volume  filling 
fraction  of  Au  in  pores  was  -0.8%  by  assuming  that  Vycor  has  28%  pore  space  over  its 
total  volume. 


Two  samples  (Sample  #3  and  #4)  were  chosen  for  a  senes  thermal  treatment.  Each 
sample  was  cut  into  quarters.  Each  quarter  of  the  sample  was  thermally  annealed  in  a  tube 
furnace  at  a  fixed  temperature.  The  annealing  temperatures  were  from  400  to  1100  °C  with 
an  interval  of  100  °C.  The  annealing  atmosphere  was  N5  Ar  gas.  A  reducing  annealing 
environment  (90%Ar  +  10%  was  also  used  for  last  stage  of  the  annealing  experiment 
for  some  samples.  The  500  °C  annealed  sample  was  also  further  annealed  at  1200  °C  for  a 
total  of  1  hr  annealing  time.  Each  sample  quarter  was  first  annealed  at  preset  temperature 
for  15  min.  Optical  absorption  spectra  were  collected  after  each  annealing  treatments.  No 
additional  annealing  was  performed  when  the  optical  spectra  indicated  no  change  in  these 
absorption  curves.  The  overall  annealing  time  was  determined  by  a  close  examination  of 
optical  absorption  spectra.  That  is,  an  annealing  experiment  was  terminated  if  no  further 
absorption  spectrum  change  between  the  adjacent  spectra  with  annealing  time  interval  of 
hours. 


The  2nd  harmonic  at  532  nm  of  30  ps  Nd.YAG  laser  (PY61C-10)  was  used  for  pulsed 
laser  irradiation  experiments.  This  laser  has  been  further  upgraded  with  the  temperature 
controllers  to  all  the  crystals  and  optical  bench  in  PY61C-10  to  ensure  its  shot-to-shot  and 
long  term  stability.  The  fluence  used  in  the  current  experiment  was  4  -  12  mJ/cm  .  The 
profile  intensity  variation  (or  spikes)  deviating  from  a  Gaussian  beam  was  estimated  to  be 
less  than  a  factor  of  3 .  The  sample  was  irradiated  with  the  laser  ranging  from  100  to  1000 
shots. 


■f  Y ,  PttUqw  VHW«VW»^VMl  ,  .  T  TTMf  -MTD 

All  eight  sample  quarters  were  characterized  with  a  Hitachi  3501  UV-Vis-NIR 
spectrophotometer  before  and  after  each  thermal  and/or  laser  treatments.  Optical  absorption 
spectra  were  made  possible  with  the  help  of  an  integrating  sphere  accessary.  All  spectra 
were  collected  with  1  nm  spectral  resolution  in  the  region  of 2500  -  200  nm  (~0.5  -  6.2  eV). 

Transmission  electron  microscopic  (TEM)  analysis  was  carried  out  on  3  samples  and 
in  five  different  regions.  They  are:  a  400  °C  annealed  sample  quarter  for  16  hrs,  a  1000  °C 
annealed  sample  quarter  for  4  hrs  with  laser  irradiated  and  non-irradiated  regions  and  a 
1200  °C  annealed  sample  quarter  for  15  min  with  laser  irradiated  and  non-irradiated  regions. 
EDS  analysis  was  also  conducted  to  provide  the  chemical  composition  information. 
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RESULTS  AND  DISCUSSION 


Photoreduced  Au  in  Vycor  samples  have  a  dark  blue  color.  As  illustrated  in  Fig.  1,  the 
Au  surface  plasmon  absorption  band  is  very  broad  with  full  width  at  half  maximum 
(FWHM)  ~  200  nm  and  the  center  peak  position  is  -  600  nm.  The  different  absorption 
intensities  for  each  samples  is  due  to  the  different  loading  masses  of  Au  in  each  Vycor 
substrate.  Fig.  2  shows  the  thermal  annealing  effect  on  Au  in  Vycor  at  500  °C  under  Ar.  As 
the  annealing  time  increases,  the  Au  surface  plasmon  absorption  peak  increases  and  the 
linewidth  FWHM  narrows.  After  60  min  isothermal  annealing,  no  further  intensity  increase 
was  observed.  The  final  linewidth  FWHM  is  -120  nm  and  the  surface  plasmon  absorption 
peak  is  blue-shifted  to  540  nm  from  600  nm.  Another  feature  observed  during  the  60  min 
annealing  was  what  was  appeared  to  be  a  change  in  the  slope  of  the  baseline.  This  change 
was  attributed  to  a  small  amount  of  organic  contaminants  adsorbed  in  the  porous  Vycor. 
When  the  organic  contaminated  Vycor  was  annealed  at  the  temperature  above  350  °C,  the 
decomposition  of  the  organic  molecules  leads  to  certain  level  of  carbon  deposited  on  the 
walls  of  the  porous  Vycor  glass.  Residual  of  carbon  in  pores  absorb  the  incident  light 
through  out  the  UV-Vis  region.  This  phenomenon  has  been  observed  in  number  of  cases, 
which  has  been  confirmed  by  annealing  a  virgin  Vycor  sample.  Fig.  3  is  the  thermal 
annealing  effect  of  Au  in  Vycor  at  800  °C.  At  this  temperature,  the  absorption  intensity  of 
the  surface  plasmon  resonance  continuously  increases  and  the  linewidth  FWHM  gradually 
narrows  as  a  function  of  time.  After  1 8  hrs  annealing,  the  surface  plasmon  absorption  is 
shifted  to  522  nm  and  the  linewidth  FWHM  is  ~  75  nm.  Fig.  4  shows  the  thermal  annealing 
effect  of  Au  in  Vycor  at  1100  °C  under  an  Ar  atmosphere.  The  drastic  surface  plasmon 
absorption  increase  was  observed  from  15  to  60  min  thermal  annealing.  The  center  peak 
position  is  at  -  522  nm  and  the  linewidth  FWHM  becomes  -55  nm.  When  the  annealing 
time  was  longer  than  60  min  the  absorption  peak  was  broadened  and  the  center  position  of 
the  absorption  peak  is  red-shifted  from  522  to  541  nm.  The  spectral  line-shape  is  also 
changed.  In  addition,  the  total  absorption  intensity  is  also  decreased  with  annealing  time. 

Fig.  5  provides  the  summary  of  the  absorption  spectra  which  have  the  highest 
absorption  intensity  at  various  temperatures.  Below  600  °C,  the  surface  plasmon  absorption 
peak  is  at  -540  nm.  In  the  temperature  range  of  600  -  900  °C,  the  surface  plasmon 
absorption  peak  is  at  -522  nm.  When  the  temperature  is  above  900  °C,  the  surface  plasmon 
absorption  peak  is  at  -541  nm  and  the  spectral  lineshape  is  also  changed.  As  we  will 
demonstrate  later,  there  are  two  absorption  peaks  overlapping  with  each  other  which  is  the 
consequence  of  the  line-shape  change.  Fig.  6  is  the  optical  absorption  spectra  of  pulsed  laser 
irradiation  effects  on  Au  in  Vycor  and  the  thermal  reversibility  test.  Clearly,  1000  shots  of 
the  pulsed  laser  irradiation  at  532  nm  and  the  fluence  of  8  mJ/cm2  have  dramatically 
changed  the  color  of  the  optical  absorption  spectrum  of  the  Au  in  Vycor  which  has  been 
annealed  at  1000  °C.  After  1000  shots  of  irradiation,  the  surface  plasmon  absorption  band 
is  broadened  towards  the  longer  wavelength  region  and  the  surface  plasmon  resonance  peak 
is  shifted  to  the  red  by  -  5  nm.  The  most  important  feature  is  that  the  spectral  change  due 
to  the  laser  irradiation  can  be  recovered  by  annealing  the  sample  at  1000  °C  under  Ar  for 
15  min.  The  recovered  spectrum  is  virtually  identical  to  the  spectrum  before  the  laser 
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irradiation. 

Figs.  7  -  9  are  TEM  images  of 400,  1000  and  1200  °C  annealed  samples  together  with 
the  laser  irradiated  areas  in  the  samples.  Fig.  7  is  the  TEM  images  of  as-prepared  and  a 
focused  electron  beam  irradiated  areas.  For  the  as-prepared  area,  fig.  7a,  the  TEM  image 
shows  small  dark  patches  long  the  pore  walls  in  the  sample.  In  the  electron  irradiated  area, 
the  pore  structure  was  collapsed  and  gold  nanocrystals  were  formed.  The  particle  size  can 
be  very  large  depending  upon  the  size  of  the  electron  irradiated  area.  In  addition,  a  new 
metastable  phase  of  AujSi  was  also  found  under  focused  electron  irradiation.  Fig.  8  shows 
a  1000  °C  annealed  sample  in  pink  (non-irradiated)  and  blue  (laser  irradiated)  regions.  In 
the  pink  region,  fig.  8a,  the  image  contains  many  more  patches  visiblly  dispersed  around 
the  sample.  A  few  large  and  twined  gold  particles  could  also  be  observed.  In  the  blue 
region,  on  the  other  hand,  fig.  8b,  it  was  very  hard  to  find  any  particles.  In  some  regions, 
there  exist  areas  of  dark  contrast.  Fig.  9  illustrates  the  TEM  images  of  1200  °C  annealed 
sample  in  both  laser  irradiated  (blue)  and  non-irradiated  (pink)  regions.  In  the  non-irradiated 
region,  fig.  9a,  there  are  a  lot  of  small  gold  particles  with  an  average  particle  size  of  3-4  nm. 
In  the  blue  region,  some  elongated  cigar-like  and  some  island-like  particles  were  also 
observed  and  the  spherical  particles  can  be  found  between.  A  few  oval  particles  appear  to 
be  aggregates. 

As  discussed  in  a  great  detail  by  Weaver  et  al  [6],  illumination  of  solutions  containing 
AuC14'  electron  donors  induces  a  reduction  of  the  metal  complex.  A  similar  chemical 
process  may  also  be  expected  to  be  the  same  for  the  solution  in  Vycor  as  in  the  methanol- 
swollen  poly(DADMAC).  With  UV  light  irradiation,  the  color  of  the  sample  changes  from 
yellowish  to  light  blue.  The  light  blue  deepens  as  a  function  of  irradiation  time.  No  red  color 
was  observed  suggesting  no  large  gold  nanocrystals  were  formed  inside  of  Vycor.  The 
thermal  annealing  experiments  below  600  °C  did  not  lead  to  a  red  color  formation.  The 
absorption  spectra  in  the  gold  surface  plasmon  resonance  region  of  these  samples  are  still 
broad  although  they  were  somewhat  narrowed  as  illustrated  in  figs.  2  &  5.  It  is  also  known 
that  the  linewidth  of  the  surface  plasmon  resonance  should  be  broadened  when  the  Drude- 
like  electrons  in  these  particles  experience  size  limited  scattering  [7,8],  The  observed  broad 
absorption  band  observed  in  the  500  -  700  nm  region  for  the  as-prepared  and  the  thermally 
annealed  below  600  °C  can  be  attributed  to  very  small  gold  particle  absorption.  The  TEM 
images  of 500  °C  annealed  sample  also  supports  this  hypothesis.  It  is  also  possible  that  very 
small  gold  clusters  (or  molecules)  and  even  neutral  gold  atoms  may  also  deposit  on  the  pore 
walls  as  it  is  indicated  in  the  TEM  image  of  fig.  7a.  There  are  traces  of  dark  lines  running 
along  the  pore  walls.  As  suggested  by  Schaaff  et  al,  [9]  very  small  gold  particles  fail  to 
exhibit  a  surface  plasmon  resonance  absorption.  They  observed  an  inflection  upward  at  a 
wavelength  shorter  than  -775  nm  (1.6  eV),  which  is  corresponding  to  the  interband 
transition  edge.  As  illustrated  in  fig.  5,  the  400  and  500  °C  annealed  and  as-prepared 
samples  show  more  steep  absorption  below  500  nm.  Certainly,  it  is  arguable  that  the  low 
temperature  thermal  annealing  does  not  cause  the  gold  clusters  to  diffuse  along  the  pore 
surface  that  allows  to  the  formation  of  bigger  gold  particles  that  cause  the  red  color  in  the 
Vycor. 

When  the  annealing  temperature  was  increased  above  600  and  below  1000  °C,  the  blue 
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color  started  to  fade  away  and  red  color  started  to  be  dominant.  This  suggests  that  the 
thermal  energy  is  high  enough  to  cause  the  gold  clusters  or  atoms  to  diffuse  along  the 
surface.  As  larger  particles  are  formed,  the  surface  plasmon  absorption  becomes  more 
evident.  As  shown  in  figs.  2-3,  after  18  hrs  of  thermal  annealing,  no  farther  spectral 
changes  were  observed  suggesting  the  system  has  reached  the  thermal  equilibrium.  That  is, 
the  very  small  gold  particles  or  atoms  have  diffused  into  their  nearby  bigger  particles.  This 
suggests  that  the  separation  of  these  bigger  gold  particles  is  larger  than  the  thermal  diffusion 
length  of  these  ultrasmall  particles  or  atoms. 

When  the  annealing  temperature  is  above  1000  °C,  there  are  two  physical  changes  in  the 
Au-Vycor  system:  a)  the  pores  of  the  Vycor  start  to  collapse.  The  densification  of  the 
Vycor  will  lead  to  an  increase  of  the  gold  particle  density  per  unit  volume.  That  is,  the 
average  particle  separation  is  also  decreased;  b)  gold  nanoparticles  are  expected  to  be  in 
molten  phase.  It  is  known  that  the  melting  point  of  the  bulk  gold  is  1065  °C.  The  melting 
point  of  the  gold  nanoparticles  is  expected  to  be  well  below  its  bulk  melting  point  due  to 
the  large  surface  to  volume  ratio  [9].  At  1000  °C,  diffusion  of  the  gold  clusters  or  atoms 
was  fast  enough  to  reach  dynamic  thermal  equilibrium  of  the  diffusion  and  growth  process 
in  about  60  min.  The  annealing  time  longer  than  60  min  did  not  result  in  an  increase  of  the 
surface  plasmon  absorption.  TEM  images,  shown  in  fig.  8  suggest  that  the  gold  particles 
are  still  very  small.  A  few  bigger  nanoparticles  ^  4  nm  could  be  occasionally  observed.  At 
1100  °C,  the  gold  in  Vycor  became  so  mobile  that  longer  annealing  time  (t  >  60  min) 
suggests  there  is  a  loss  of  gold  from  the  sample.  The  densification  rate  of  the  pores  was  not 
sufficiently  fast  enough  to  enclose  the  gold  before  diffusing  out.  At  1200  °C,  the  rate  of  the 
pore  collapsing  is  fast  enough  to  encapsulate  the  gold  in  pores.  As  shown  in  fig.  9,  the  gold 
nanoparticles  were  formed  in  a  much  mono-dispersed  manner  and  the  average  particle  size 
is  the  same  as  the  average  pore  size. 

Although  the  pore  size  in  Vycor  has  very  narrow  distribution  with  an  interconnected 
network,  the  variation  in  pore  size  can  be  considered  as  a  throat-pore  configuration.  That 
is,  the  large  openings  are  pores  and  the  small  openings  which  connect  the  large  ones  are 
throats.  At  high  temperature,  all  the  throats  will  be  first  closed.  Under  this  condition,  the 
gold  is  trapped  inside  these  isolated  pores.  As  these  pores  shrinks,  more  and  more  gold 
inside  pores  will  further  diffuse  together  until  the  total  space  of  these  pores  are  filled  with 
gold.  Thus,  the  pore  size  has  served  as  a  upper  limit  of  the  final  size  of  the  gold 
nanocrystals.  It  is,  therefore  not  surprising  to  see  an  average  of  4  nm  gold  particles  being 
formed. 

Perhaps  the  most  interesting  aspect  of  this  report  is  the  pulsed  laser  irradiation  effect 
on  gold  nanoparticles  residing  inside  the  pores  of  Vycor.  The  pulsed  laser  irradiation  of  the 
Au-Vycor  system  which  has  been  annealed  at  1000  °C  with  fluence  of  8  mJ/cm2  per  pulse 
at  532  nm  and  a  pulse  with  of  30  ps  can  convert  red  colored  Vycor  gradually  into  blue.  The 
conversion  rate  depends  on  shot  number.  Thermal  annealing  experiments  at  1000  °C  for 
15  min  of  the  laser  irradiated  sample  suggest  that  the  color  change  from  red  to  blue  due  to 
laser  irradiation  is  reversible.  This  experiment  has  been  repeated  three  times.  The  TEM 
images  in  fig.  8a  and  8b  show  two  different  regions  of  dark  contrast.  Namely,  the  irradiated 
area  has  lighter  contrast  than  that  of  the  unirradiated  area.  The  optical  spectrum  of  the 
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irradiated  area  shows  that  the  surface  plasmon  resonance  peak  intensity  decreased  and  the 
linewidth  FWHM  is  broader  than  that  of  the  unirradiated  area  suggesting  that  pulsed  laser 
irradiation  causes  the  gold  particle  to  reduce  in  size.  The  lighter  contrast  in  the  TEM  image 
seems  also  to  support  this  argument.  However,  we  can  not  rule  out  that  aggregation  may 
also  occur.  The  irregular  shape  of  the  gold  particles  can  also  lead  to  surface  plasmon  modes 
decoupling  which  in  turn  can  cause  the  broadening  of  the  absorption  spectra.  However, 
TEM  results  do  not  seem  to  support  the  later  case. 

One  of  the  more  challenging  aspects  of  this  investigation  is  to  understand  the 
mechanism(s)  leading  to  the  laser  induced  color  change  in  the  Au-Vycor  samples.  Studies 
of  the  surface  plasmon  relaxation  dynamics  of  gold  colloids  has  shown  that  the  excited 
electrons  in  gold  nanocrystals  thermallize  into  the  electron  gas  in  <;  1  ps  via  electron- 
electron  and  electron-phonon  scattering  [12,13].  The  electron-lattice  relaxation  time  is 
estimated  to  be  a  few  ps.  The  energy  dissipation  into  the  matrix  from  the  gold  nanocrystals 
is  usually  several  hundreds  ps.  Therefore,  it  can  be  argued  that  during  one  pulse  (30  ps), 
there  is  no  energy  flowing  into  the  matrix.  All  the  absorbed  energy  is  converted  into  the 
heat.  Our  calculation  from  the  experimental  data  shows  that  the  expected  temperature  rise 
was  not  more  than  75  °C  .  Unlike  the  work  reported  by  Kurita  et  al,  the  change  of  the 
optical  absorption  may  not  be  due  to  gold  evaporation  and  redeposition  process  [4].  It  is 
also  hard  to  imagine  any  other  possible  solution  chemistry  related  coagulation,  and 
dissolution  [10, 11]  since  the  1000  or  1200  °C  thermal  annealing  is  high  enough  to  remove 
all  the  residuals  of  solute  species.  It  is  also  high  enough  to  decompose  Au  chlorine  related 
complex. 

There  are  two  possible  mechanisms  responsible  for  the  laser  induced  color  change.  The 
first  possible  mechanism  is  related  to  an  electrical  field  induced  fragmentation  process  of 
the  gold  nanoparticles.  Under  an  intense  laser  field  irradiation,  the  field  strength  is  high 
enough  to  cause  the  ionization  of  Au  nanoparticles  by  the  ejection  of  the  electrons  from  the 
gold  particles.  The  repulsive  force  due  to  the  positive  charges  on  the  Au  nanoparticles  can 
result  in  the  breaking  of  the  interatomic  bonds  or  overcoming  the  cohesive  energy  potential 
of  the  nanociystals.  Some  of  the  gold  atoms  or  clusters  could  be  fragmented  away  from  the 
parent  gold  particles  and  redeposit  on  to  the  pore  walls  nearby.  To  a  certain  degree,  the 
mechanism  is  analogous  to  the  mechanism  of  laser  ablation  of  insulator  materials  [14],  The 
second  possibility  is  laser  induced  gold  colloid  aggregation.  Under  a  high  fluence,  the  gold 
particles  reside  on  the  walls  of  the  pores  can  be  knocked  off  by  irradiation  pressure  and  the 
absorption  of  the  photons.  These  free  gold  particles  inside  the  pores  then  will  be  repeatedly 
knocked  around  which  can  lead  to  the  loosely  packed  aggregated.  These  aggregates  in  turn 
can  also  cause  the  broadening  of  the  optical  absorption  spectrum  of  the  gold  surface 
plasmon.  However,  we  intend  to  believe  the  first  interpretation  should  be  the  dominant 
effect  in  the  present  case. 

As  the  illumination  fluence  increases,  at  12  mJ/cm2  a  much  more  dramatic  optical 
spectral  change  results.  The  TEM  images  for  laser  irradiated  region  also  show  the  elongated 
cigar-like  particles  or  aggregates.  The  observation  may  support  in  part  the  second 
mechanism  as  discussed  above.  These  aggregates  can  be  diffuse  together  under  high  laser 
fluence.  This  hypothesis  may  be  hold  in  the  area  of  laser  hot  spikes  under  high  fluence. 
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More  detailed  analysis  on  pulsed  laser  irradiation  on  Au-Vycor  system  will  be  reported  in 
a  upcoming  paper.  The  current  experimental  observation  opens  a  new  aspect  of  how  to 
control  the  metal  nanocrystals  in  solid  hosts. 

CONCLUSION 

It  has  demonstrated  that  it  is  possible  to  generate  Au  nanoparticles  in  porous  Vycor 
glass  via  photoreduction  of  Au  complex  in  solution.  A  proper  control  of  the  load  mass  of 
the  metals  in  pores  and  of  thermal  annealing  temperatures  can  help  to  control  the  metal 
nanocrystal  size  and  shape.  Pulsed  laser  irradiation  can  change  the  Au  nanoparticle  size  and 
size  distribution.  The  preliminary  results  also  suggest  new  laser  -  nanoparticle  mechanism(s) 
operative. 
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Fig.  1  Optical  absorption  spectra  of  as-prepared  samples  (samples  #3 
and  #4  as  mensioned  in  the  text). 


Fig.  2  Optical  absorption  spectra  of  Au  in  Vycor  annealed  at  500  °C 
under  Ar  atmosphere  as  a  function  of  annealing  time. 
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Fig.  3  Optical  absorption  spectra  of  Au  in  Vycor  annealed  at  800  °C 
under  Ar  atmosphere  as  a  function  of  annealing  time. 


Fig.  4  Optical  absorption  spectra  of  Au  in  Vycor  annealed  at  1 100  °C 
under  Ar  atmosphere  as  a  function  of  annealing  time. 
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Fig.  5  Optical  spectra  of  Au  in  Vycor  as  a  function  of  annealing 
temperatures  under  Ar  Atmosphere. 
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ABSTRACT 


The  energy  level  structure  of  semiconductor  quantum  dots  changes  gradually  from  the 
band  structure  of  the  bulk  semiconductor  to  an  atomic-like  structure  as  the  quantum 
dot  size  decreases.  This  results  in  an  increase  in  the  effective  optical  band  gap  as  a 
function  of  crystal  size.  Apart  from  the  inherent  flexibility  in  tailoring  quantum  dot 
properties,  it  is  of  interest  to  see  how  doping  affects  these  properties  further.  In  this 
work,  copper  doped  QDs  and  larger  nanocrystals,  from  3  nm  to  several  tens  of  nm, 
were  deposited  by  chemical  solution  deposition  and  their  morphological  and  optical 
properties  compared  with  similarly-deposited  undoped  CdSe.  Crystal  size  was 
measured  by  XRD  and  by  TEM  imaging.  Optical  and  photoelectrochemical  spectral 
response  measurements  were  made  and  correlated  with  the  doping. 

I.  INTRODUCTION 

In  semiconductor  Quantum  Dots  (QDs)  ,  a  gradual  transition  from  solid  state  to 
molecular  structure  occurs  as  the  particle  size  decreases.  Consequently  there  is  a 
change  in  the  energy  band  structure  expressed  in  the  increasing  effective  optical  band 
gap  and  a  change  from  continuum  to  discrete  quantized  energy  levels.  To  obtain  the 
desired  electrical  properties,  semiconductors  are  normally  doped.  For  quantum  dots  in 
the  size  range  investigated  by  us,  a  single  dopant  atom  would  drastically  change  the 
properties  of  the  dots  and  therefore  doping  might  be  expected  to  affect  the 
semiconductor  properties  in  a  different  manner  than  it  does  for  the  bulk 
semiconductors.  We  have  studied  copper  doped  CdSe  quantum  dots  deposited  by 
chemical  solution  deposition  and  compared  their  properties  to  those  of  undoped  CdSe 
quantum  dot  films. 


II.  EXPERIMENTAL 


Synthesis  :  Copper  Doped  CdSe  and  the  corresponding  undoped  samples  were 
deposited  by  chemical  solution  deposition  onto  substrates  of  glass  or  SnC>2 
conducting  glass  [1].  A  10ml  aqueous  solution  containing  80mM  CdSC>4,  and  110-160 
mM  potassium  nitrilotriacetate(K.3NTA)  was  made  up  to  pH  7  by  the  addition  of 
NaOH.  An  aqueous  solution  of  Na2SeSC>3  (80  mM)  was  then  added  and  the  solution 
made  up  to  pH  10.  For  the  Cu-doped  films,  0.8  mM  CuCl  (1%  of  the  Cd 
concentration)  dissolved  in  potassium  nitrilotriacetate  was  also  added  before  the 
addition  of  the  selenosulfate. 
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The  films  were  deposited  at  two  different  temperatures  (5*C  and  80’C)  and  were  ca. 
50-70  nm  thick,  consisting  of  aggregated  nanocrystals.  Typically,  the  low  temperature 
films  deposited  within  8  hours  to  2  days.  The  high  temperature  films  took  about  30 
minutes  to  1  hour  for  deposition.  The  films  deposited  on  the  lower  side  of  the 
substrate  were  used  for  the  measurements.  The  deposition  on  the  other  side  was 
removed  with  a  cotton  swab  dipped  in  dilute  HC1. 

XRD  :  Powder  X-ray  diffraction  was  performed  on  the  deposited  films.  Since  the 
glass  substrate  diffracts  strongly  in  the  region  of  the  main  peaks  between  20=15-30*, 
the  less  intense  peaks  between  35-55*  were  used  for  particle  size  measurement  using 
the  Scherrer  formula. 

Transmission  Electron  Microscopy/Electron  Diffraction  (TEM):  TEM  was 
carried  out  by  removing  the  films  from  the  glass  substrate,  using  dilute  HF  and  lifting 
them  onto  carbon-coated  copper  grids. 

Photelectrochemical  measurements  :  Photoelectrochemical  spectral  response 
measurements  were  made  using  a  Xe  light  source  through  a  double  monochromator  and 
lock-in  detection.  The  electrolyte  was  0.2M  Se  in  0.5M  Na2S03  (Na2SeS03). 

Optical  characterization  :  Optical  absorption  spectra  of  the  samples  were  recorded 
after  correcting  for  reflectance  in  the  400-900  nm  range. 

III.  RESULTS 

Xray  Diffraction  (XRD)  :  Fig.  1  shows  the  particle  sizes  of  four  samples:  undoped 
CdSe  at  the  two  different  temperatures,  5*C  and  80*C  and  the  corresponding  1% 
copper-doped  samples,  obtained  from  XRD  using  the  Scherrer  formula.  The  low 
temperature  undoped  film  has  a  particle  size  of  3.2  nm  similar  to  that  obtained  for  the 
corresponding  doped  sample.  The  5*C  samples  were  indexed  in  the  cubic  symmetry. 
The  high  temperature  80*C  samples  exhibit  larger  particle  sizes  as  expected,  compared 
to  the  low  temperature  samples,  with  the  doped  sample  showing  a  particle  size  of 
10.3  nm  and  the  undoped,  6  nm.  Fig.  2  shows  a  wider  range  of  20  from  20-55’  (after 
subtracting  for  the  glass  signal)  for  the  80*C  samples.  The  doped  film  deposited  at 
80’C  shows  a  hexagonal  symmetry  unlike  the  corresponding  CdSe  which  is  cubic.  The 
three  peaks  of  the  hexagonal  phase  at  ca.  25’  are  not  well  resolved  although  all  three 
can  be  seen. 

Transmission  electron  microscopy(TEM):  Fig.  3  shows  the  bright  field  imaging  of 
the  undoped  (Fig.  3a)  and  doped  (Fig.  3b)  CdSe  deposited  at  5*C.  The  electron 
diffraction  (ED)  (Fig.  3c)  for  the  two  samples  was  similar  and  revealed  a  cubic  zinc 
blende  structure.  The  sample  in  Fig.  3a  consists  of  very  small  particles,  uniformly 
distributed  with  isolated  spherical  agglomerations  of  file  quantum  dots.  The  high 
temperature  80*C  samples  show  a  significant  change  between  the  doped  and  undoped 
films  (Fig.  4).  The  ED  of  the  undoped  80’  CdSe  is  similar  to  that  obtained  for  the  5*C 
CdSe.  The  doped  sample,  in  contrast,  shows  extremely  large  twinned  particles  (Fig. 
4c).  The  ED  shows  highly  oriented  crystals  (spots  in  diffraction)  and  the  hexagonal 
symmetry  can  be  clearly  seen  (Fig.4d). 
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The  copper-doped  5‘C  samples  show  an  average 
particle  size  obtained  from  TEM,  of  3.1  nm  (Fig.  5b),  similar  to  that  obtained  from 
XRD.and  a  wider  particle  size,  with  particle  sizes  ranging  from  2  to  6  nm.  The 
undoped  CdSe  (Fig.  5a)  shows  an  average  particle  size  of  3.6  nm  which  is  slightly 
larger  than  that  obtained  from  XRD.  For  the  80*C  samples,  the  undoped  film  shows 
an  average  particle  size  of  6.3  nm  (Fig.  5c)  comparable  to  that  obtained  from  XRD. 
Particle  size  distributions  range  from  4-10  nm*  In  the  case  of  the  doped 

sample,  the  average  size  is  84  nm  ,  with  a  very  wide  particle  size  distribution  ranging 
from  10-100s  of  nm,  very  different  from  that  obtained  from  XRD  data.  (ftg-jxl) 

Photoelectrochemical  spectroscopy(PEC):  Photoelectrochemical  spectra  for  the  low 
temperature  5'C  samples  are  presented  in  Fig  6a  and  6b  for  the  5*C  and  80°C  films 
respectively.  There  is  a  broad  sub-band  gap  tail  present  in  the  doped  sample  (solid 
line  Fig.  6a)  not  present  in  the  undoped  one  (solid  line).  The  photocurrent  onset  at 
550  nm  parallels  that  obtained  in  the  optical  spectrum  shown  in  Fig.  7a  (dotted  line). 
The  onset  is  relatively  sharp.  The  tailing  behavior  and  sub-band  gap  absorption  is  also 
clearly  seen  for  the  doped  film  in  the  absorption  spectrum  (solid  line  in  fig.  7a).  In 
order  to  address  the  question  of  whether  copper  is  present  on  the  surface  or  in  the 
bulk,  we  treated  the  sample  with  very  dilute  KCN  (0.05  M)  for  20  seconds.  KCN  is 
known  to  remove  surface  copper  by  complexing  with  copper  to  form  the  cyanide 
species.  There  was  a  considerable  difference  in  the  signal  compared  to  the  as- 
deposited  sample.  The  sub-band  gap  (tail)  disappeared  (Fig.  6a  dotted-dashed  line) 
and  the  signal  onset  became  sharp  near  the  band  gap  region.  The  similarity  to  the 
undoped  CdSe  signal  was  striking.  These  features  can  also  be  seen  in  the  absorption 
spectrum  (Fig.  7a  dotted  dashed  line).  Another  important  point  to  note  is  the  quantum 
efficiency  (QE)  of  the  signals  involved.  The  doped  sample  shows  a  relatively  small 
QE  compared  to  the  undoped  one.  On  treatment  with  KCN,  the  efficiency  is 
enhanced.  These  studies  were  also  performed  for  the  samples  at  80°C  (Fig.  6b).  The 
PEC  spectra  for  the  undoped,  copper  doped  and  the  KCN-treated  doped  films  are 
seen  as  dotted,  solid  line  and  dotted-dashed  respectively.  The  corresponding 
absorption  spectra  of  the  samples  are  seen  in  Fig.  7b.  The  spectra  are  red-shifted 
compared  to  the  low  temperature  samples,  which  is  expected,  from  the  larger  particle 
sizes  (quantum  size  effect).  The  magnitude  of  the  quantum  efficiency  is  much  higher 
(orders  of  magnitude)  compared  to  the  5*C  films.  If  we  compare  the  doped  samples, 
we  see  similar  tailing  behaviour.  However,  the  KCN  treatment  reveals  a  different 
behaviour  in  the  high  temperature  doped  films.  Dipping  the  sample  in  the  KCN 
solution,  even  for  1-2  minutes  does  not  remove  the  sub-band  gap  tail  completely. 
Prolonged  treatment  with  KCN  causes  the  film  to  peel. 


IV.  CONCLUSIONS 


The  morphological  and  spectroscopic  studies  reveal  that  for  the  undoped  CdSe, 
increasing  the  temperature  (and  hence  the  size)  causes  no  change  in  the  crystal 
structure.  The  particle  size  distribution  is  fairly  narrow  with  slight  broadening  in  the 
high  temperature  sample. 
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The  copper  doped  samples,  however,  show  much  larger  changes  with  temperature. 
The  size  distribution  in  general  increases  on  doping  although  the  size  of  the  doped 
sample  is  slightly  smaller  compared  to  the  undoped  one  at  5'C  and  enhanced 
dramatically  in  the  80‘C  doped  sample,  accompanied  by  a  phase  change  from  cubic  to 
hexagonal.  In  the  low  temperature  sample  the  copper  is  located  on  the  surface  (as 
evidenced  from  PEC  and  optical  measurements)  and  is  hence  completely  removed 
when  exposed  to  KCN.  In  the  80’C  sample  the  copper  is  distributed  both  on  the 
surface  and  in  the  bulk.  Only  the  surface  copper  (roughly  half  the  total )  is  removed 
on  treatment  with  KCN.  The  bulk  copper  (possibly  present  at  the  twin  boundaries) 
remains.  For  the  5’C  QDs  the  comparatively  smaller  size  implies  small  grains  and 
therefore  more  grain  boundaries  for  the  same  given  thickness.The  electrons  and  holes 
have  a  greater  chance  of  recombinations  which  cause  lowering  of  the  quantum 
efficiency.  This  results  in  the  low  temperature  samples  having  much  lower  Q.E.  as 
compared  to  the  high  temperature  samples.  The  copper  doped  films  have  lower  Q.E. 
in  comparison  to  the  undoped  samples.  In  the  doped  films  the  copper  which  is 
probably  present  as  Cu2-xSe  (XPS  shows  Cu  in  the  +1  state)  is  present  in  high 
concentration  and  can  act  as  charge  traps,  which  enhances  recombination  thus  lowering 
the  Q.E.  as  compared  to  undoped  sample.  This  decrease  is  more  in  the  5*C  samples 
because  all  the  copper  is  present  on  the  surface  and  is  present  in  higher  concentration. 


ACKNOWLEDGEMENT 

This  research  was  supported  by  the  Israel  Ministry  of  Science  and  the  United 
States-Israel  Binational  Science  foundation(BSF),  Jerusalem,  Israel. 


References 

[1]  Sasha  Gorer  and  Gary  Hodes  J.  Phys,  Chem.  98, 5338,(1994) 


Electrochemical  Society  Proceedings  Volume  98-19 


457 


ens*ty  tj  Intensity 


Cu:CdSe/  80 


g.  1.  X-ray  diffraction  pattern  of  the  copper  doped  and  undoped  CdSe  at 
two  different  deposition  temperatures,  59C  and  80°C. 


Fig.  2.  Wide  range  X-ray  diffraction  pattern  for  the  doped  and  undoped 
CdSe  deposited  at  80°C. 
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Fig  4  a)  The  bright  field  image  of  the  undoped  CdSe  deposited  at  80°C  b) 
the  electron  diffraction  image  of  the  sample  in  a.  c)  the  bright  field  image  of 
the  copper  doped  CdSe  deposited  at  80°C  d)  the  electron  diffraction  image 
of  the  sample  in  c. 
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Fig.  5.  Particle  size  distribution  from  TEM  for  a)  deposited  at  5°C  b) 

1%  Cu:CdSe  deposited  at  5’C  c)  CdSe  deposited  at  80°C;  d)  1%  Cu:CdSe 
deposited  at  80°C. 
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Fig  6.  a)  Photoelectrochemical  spectral  response  of  the  copper  doped, 
undoped  CdSe  and  the  doped  sample  treated  with  KCN.  (Deposition 
temperature  5°C)  b)  as  a),  but  deposited  at  80°C. 
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Fig.  7  a)  Absorbance  spectra  of  the  copper  doped  CdSe  ,  undoped 
CdSe  and  the  copper  doped  CdSe  treated  with  aqueous  KCN.  The 
deposition  temperature  of  the  sample  was  5°C.  b)  Absorbance  spectra 
of  the  copper  doped  CdSe  ,  undoped  CdSe  and  the  copper  doped  CdSe 
treated  with  aqueous  KCN.  The  deposition  temperature  of  the  sample 
was  $6C. 
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ABSTRACT 

The  atomistic  properties  of  lattice  defects  in  the  nano-scale  semiconductor 
crystallites  are  studied  using  the  nonorthogonal  tight-binding  molecular- 
dynamics  (TBMD)  method.  This  nonorthogonal  TB  theory,  with  only  three 
adjustable  parameters  gives  values  of  the  energies  and  bonding  distances 
which  are  in  excellent  agreement  with  the  ab  initio  results  for  small 
semiconductor  clusters.  We  apply  this  type  of  MD  scheme  for  the 
calculations  of  lattice  defects  (dislocations)  and  y-surface  in  the  small 
semiconductor  crystallites  with  the  atomic  size  of  N-200.  For  comparison, 
we  have  also  used  bond  order  potential  (BOP)  method  for  some  of  the 
calculations.  We  have  found  that  there  are  marked  differences  in  the 
properties  of  lattice  defects  between  those  in  the  bulk  and  those  in  the  nano¬ 
scale  crystallites. 


INTRODUCTION 

Recently,  there  has  been  a  great  interest  in  the  study  of  nano-scale  materials  since 
they  provide  us  a  wide  variety  of  academic  problems  as  well  as  the  technological 
applications  [1-3].  In  particular,  the  important  experimental  findings  in  this  field  are  the 
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discovery  of  carbon  nanotubes  and  the  discovery  of  superconductivity  in  the  alkali-metal 
doped  C60  system.  The  properties  of  clusters  and  fine  particles  are  generally  quite  different 
from  those  of  the  bulk  materials,  e.g.,  in  magnetism,  catalytic  activities,  elastic  properties 
and  optical  properties.  It  has  also  been  observed  that  the  mechanical  properties  of  materials 
exhibit  a  strong  dependence  on  the  size  of  the  sample,  small  specimens  appear  to  be 
stronger  than  larger  ones  [4].  In  general,  the  junctions  between  contacting  solids  are  small, 
then  their  mechanical  properties  are  drastically  changed  from  those  of  the  same  materials  in 
the  bulk.  In  addition,  it  has  been  pointed  out  that  continuum  mechanics  is  not  fully 
applicable  as  the  scale  of  the  materials  bodies  and  the  characteristic  dimensions  of  the 
specimens  are  reduced. 

It  is  the  purpose  of  the  present  study  to  investigate  the  atomistic  properties  of  nano¬ 
scale  semiconductor  clusters  by  using  the  TB  type  of  electronic  theory.  We  calculate  the 
atomic  configurations  and  electronic  states  of  dislocations  in  C  and  Si  clusters  using  the  TB 
molecular  dynamics  method  [4-8].  Summarizing  the  calculated  results  of  the  lattice  defects, 
we  discuss  the  atomistic  properties  of  die  lattice  defects  and  the  related  mechanical 
properties  of  the  nono-scale  crystallites,  in  comparison  with  those  of  bulk  materials. 

APPROACH 

The  total  energy  of  the  system  is  given  by  the  sum  of  two  terms  [6-8] 

E'  =  ^  +  ^,=X£,+(1/2)2>(-v).  (1) 

k  ij 

where  U  e-  is  the  sum  of  the  one-electron  energies  ek  for  the  occupied  states,  and  Urep 
represents  the  remaining  repulsive  energy  contribution.  Here  ry  is  the  separation  of  atoms  i 
and  j.  The  repulsive  potential  <j>  (r)  is  taken  to  be„  short  ranged  and  varies  exponentially 
with  the  interatomic  distance.  To  fix  absolute  energies  either  a  constant  or  a  coordination 
dependent  energy  term  is  added  to  eq.  (1) . 

In  the  nonorthogonal  TB  scheme  the  characteristic  equation  is  written,  in  matrix  form, 
as 


(H-EnS)C=  0,  (2) 

where  C  n  is  a  column  vector  or  LCAO  coefficients.  H  is  the  Hamiltonian  matrix  and  S  the 
overlap  matrix  of  the  LCAO  basis  set. 

The  Hellmann-Feynman  theorem  for  obtaining  the  electronic  part  of  the  force  can  be 
obtained  from 
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where  Cn  vectors  are  normalized  so  that 

C*SC-\.  (6) 

In  the  conventional  TB  (orthogonal)  approach,  the  basis  set  is  presumed  to  be  an 
orthogonal  set  S,^,.  In  the  Slater-Koster  scheme  the  Hamiltonian  matrix  elements  are 
given  in  the  two-center  forms,  which  are  assumed  to  decrease  exponentially  with  the 
interatomic  distance  ry. 

The  eigenvalues  of  a  system  with  nonorthogonal  basis  set  can  then  be  obtained  from 

det  I  Hi}-ESi}  1=0.  (7) 

Evaluation  of  (7)  is  expedited  by  the  use  of  the  well  known  Cholesky  factorization  in  which 
S  is  factored  into 


S  =  BB\  (8) 

This  factorization  is  always  possible  provided  S  is  positive  definite. 

The  present  non-orthogonal  basis  TB  theory  involves  six  parameters,  atomic  energy 
terms  E,  and  Ep,  the  covalent  radius  (do),  the  interaction  falloff  rate  a,  the  nonorthogonality 
constant  K  and  the  repulsive  coefficient  %0.  Of  these,  Et,  Ep,  c^,  and  two  center  integrals 
Vu'n  are  set  a  priori  from  Harrison’s  universal  TB  scheme.  Thus,  in  the  present  scheme, 
there  are  only  three  adjustable  parameters,  a,  K  and  Xo-  These  parameters  can  quite  simply 
be  fitted  to  the  related  experimental  values. 

For  comparison,  we  have  also  used  the  bond  order  potential  (BOP)  method  [9],  (i,  e. , 
TBMD  method  of  orthogonal  basis)  for  some  of  the  calculations  of  atomic 
clusters,  containing  more  than  ~50  atoms.  Within  the  BOP  scheme,  the  band  structure 
contribution  can  be  estimated  by  using  the  formula 

uL w 

a,p 

e„J((£,)=i|[C(Er)+rj(£f)]0  «°> 

n= 0  *• 
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where  the  interference  terms  is  defined  by 


(id 


(12) 


This  type  of  TB  scheme  provides  us  an  efficient  calculational  method  that  the  computational 
time  required  for  the  atomistic  simulation  is  proportional  to  the  number  of  atoms  in  the 
system.  This  calculational  scheme  is  called  as  the  order  of  N  [O(N)]  method. 

RESULTS 


The  discovery  of  carbon  nanotubes  with  unusual  geometric  and  electronic  properties 
has  generated  considerable  interest  [3].  These  tubes  can  be  visualized  as  graphitic  sheets 
rolled  up  into  cylinders  giving  rise  to  quasi-one  dimensional  structures.  Firstly,  we  briefly 
summarize  the  MD  calculation  for  carbon-related  materials  [5,6]. 

There  are  two  kinds  of  carbon  nanotubes,  with  type  A  and  type  B  structures.  The 
tube  of  type  A  is  constructed  by  taking  two  layers  of  carbon  atoms  forming  the  equatorial 
belt  structure  resulting  in  a  hollow  tube.  The  ends  of  the  tube  are  then  terminated  by  placing 
the  polar  caps  of  *“70*  resulting  in  a  D3h  structure.  Tube  B  can  be  obtained  by  rotating  the 
hexagons  forming  the  hollow  of  tube  A  by  90°  and  terminating  the  ends  by  placing  a  polar 
cap  with  threefold  rotation  symmetry,  resulting  in  a  D3h  structure.  In  this  tube  there  are  a 
series  of  carbon-carbon  bonds  parallel  to  the  tube  axis.  Tube  A  showed  no  appreciable 
Jahn-Teller  distortions  or  relaxation  using  our  molecular  dynamics  method.  The  relaxed 
structure  was  found  to  be  metallic  with  no  gap  between  the  highest  occupied  molecular 
orbital  (LUMO).  Tube  B,  however,  showed  considerable  symmetry  lowering  Jahn-Teller 
distortions.  The  relaxed  structure  was  found  to  be  semiconducting,  with  a  gap  of  0.7  eV. 
Tube  B,  was  found  to  be  slightly  more  stable  than  tube  A  (by  0.5  eV). 

We  next  consider  the  graphite  sheet.  Graphite  is  a  prototype  sp2  covalent  solid,  with 
two  atoms  in  the  unit  cell,  with  nearest-neighbor  bond  length  less  than  the  sum  of  the 
covalent  radii  of  the  carbon  atoms.  We  obtain  a  nearest-neighbor  bond  length  of  1.42  A. 
The  computed  band  structure  is  good  agreement  with  accepted  band  structure  calculations. 
The  dynamical  matrix  for  graphite  is  calculated  by  special  point  averaging  in  the  irreducible 
two-dimensional  zone,  to  be  1588  cm'1  for  the  E2g  mode,  in  excellent  agreement  with  the 
experimental  value  of  1582  cm'1.  For  the  A2u  mode,  we  calculate  a  value  of  695  cm'1,  in 
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reasonable  agreement  with  the  experimental  value  of  868  cm1. 

We  now  turn  to  the  discussions  of  structural  defects  in  nano-scale  materials.  In  Fig.  1 , 
we  present  the  calculated  atomic  configurations  of  edge  dislocation  in  two-dimensional 
(2D)  planar  C70,  C92  and  C142  carbon  clusters.  The  core  structure  of  the  edge  dislocation  is 
characterized  by  the  five-  and  seven-memvered  rings  in  the  2D  carbon  clusters.  The  excess 
energies  due  to  introduction  of  the  edge  dislocation  are  also  estimated  by  comparing  the 
energies  of  carbon  clusters  with  and  without  the  edge  dislocations.  In  Fig.  2,  we  show  the 
relative  stability  (excess  energies)  of  the  carbon  clusters,  as  a  function  of  the  size  of  the 
clusters  N  (number  of  atoms).  The  energy  is  given  in  unit  of  eV/atom,  relative  to  that  of 
CU2  cluster  without  edge  dislocations.  One  can  see  in  Fig.  2  that  there  are  no  marked 
differences  in  the  stability  between  the  clusters  with  and  without  edge  dislocations.  We 
have  also  checked  that  this  tendency  is  also  true  when  we  use  the  BOP  method  [9],  i.  e.t 
orthogonal  TBMD  scheme. 

This  indicates  that  the  self-energy  of  the  edge  dislocation  is  very  small  and  may 
become  even  negative  for  the  certain  clusters.  Then,  we  come  to  the  conclusion  that  the 
dislocation  can  be  generated  spontaneously  without  sizeable  activation  energy  in  the  small 
semiconductor  clusters.  In  other  words,  the  semiconductor  clusters  can  be  mechanically 
deformed  more  easily  compared  to  the  corresponding  bulk  materials.  It  may  be  interesting 
to  check  that  the  similar  behavior  also  occurs  in  the  metallic  clusters.  The  continuum 
elasticity  theory  also  predicts  that  the  elastic  distortion  energy  of  lattice  defects  depends  on 
the  exsistence  of  the  free  surfaces  due  to  the  so-called  image  effect  [10],  compared  to  those 
in  the  infinite  crystals.  However,  the  above  mentioned  cluster  size  dependence  of  the  self¬ 
energy  of  the  dislocation  can  not  be  explained  within  the  continuum  elasticity  theary. 

The  more  detailed  information  on  the  glide  behavior  of  the  edge  dislocation  of 
graphite  or  2D  carbon  clusters  can  be  obtained  from  the  y-surface  calculations  [11].  In 
Fig.  3,  we  present  some  of  the  atomic  configurations  which  are  formed  during  the  rigid 
body  translation  between  the  upper-  and  lower-half  crystallites,  both  for  (11)  and  (10) 
planes.  The  y-surface  calculations  have  been  performed  for  larger  carbon  clusters  ~C14,  and 
the  results  of  energy  barriers  as  a  function  of  the  rigid  body  translation  Rsh  are  shown  in 
Fig. 4.  Due  to  the  geometry  of  the  clusters,  the  period  of  the  potential  barriers  on  the  ( 1 1) 
and  (10)  planes  are  different,  and  they  are  V3/2  and  3.0,  respectively,  in  unit  of  the 
nearest-neighbour  distance  d,,.  One  can  see  in  Fig.4  that  the  rigid  body  translation  on  (11) 
plane  occurs  more  easily  compared  to  that  on  (10)  plane,  indicating  the  easy  (11)  glide 
plane. 

We  now  discuss  the  properties  of  dislocations  in  Si  clusters,  in  comparison  with  the 
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lattice  dislocation  in  diamond  cubic  Si  crystal  [12-14].  Before  discussing  on  the  defects  in 
the  Si  clusters,  we  briefly  summarize  the  atomic  of  structures  silicon  clusters.  In  Fig.5,  we 
compare  the  atomic  structures  of  small  Si  clusters,  Si7~~Si10,  calculated  by  non-orthogonal 
TBMD  (upper  figures)  and  orthogonal  TBMD  (lower  figures)  schemes.  In  general,  two 
methods  predict  similar  structures.  For  instance,  both  TBMD  methods  predict  pentagonal 
bipyramid  for  Si,  cluster.  As  shown  in  Fig.  5,  however,  they  give  slightly  different 
structures  for  Si,  and  Si,  clusters,  as  shown  in  Fig.5.  In  the  case  of  the  Si8  cluster, 
calculated  by  non-orthogonal  TB  the  energy  minimum  corresponds  to  a  distorted  bicapped 
octahedron  with  C2h  symmetry,  0.554eV  lower  than  the  undistorted  D3h  bicapped 
octahedron  (Fig. 8a  of  Ref.  15).  This  is  consistent  with  the  ab  initio  calculations,  which 
predicted  an  energy  difference  of  0.56eV  between  the  two  structures.  For  Si,  cluster,  C2v 
distorted  tricapped  trigonal  prism  and  the  C3v  tricapped  octahedron  structures  are  found  to 
be  almost  equal  energy,  in  agreement  with  the  LDA  calculations . 

We  now  discuss  the  atomistic  properties  of  larger  Si  clusters  than  Si,0. 

In  Fig. 6,  we  present  the  atomic  configurations  of  Sig4  cluster  both  for  the  unrelaxed 
(Fig.  6a)  and  relaxed  structures(Fig.6b).  One  notices  in  Fig.  6  that  the  volume  of  the  Si 
crystallite  decreases  drastically  during  the  relaxation  process,  -20%  reduction  compared  to 
those  of  the  unrelaxed  structures.  This  indicates  that  the  overlap  between  the  atomic  orbitals 
increases  due  to  the  shrinkage  of  the  crystallite,  and  it  is  required  to  treat  the  non¬ 
orthogonality  of  the  localized  orbitals  more  accurately. 

In  a  diamond  cubic  crystal,  the  important  dislocations  are  the  60°,  screw  and  90° 
(edge)  perfect  dislocations  [10-12].  The  first  one  dissociates  into  a  30°  and  90°  partial 
dislocations  while  the  others  splits  into  a  pair  of  30  ’  and  60 0  partial  dislocations, 
respectively.  All  the  partials  are  separated  by  intrinsic  stacking  faults.  These  partials,  which 
have  line  directions  along  <U0>  are  believed  to  be  reconstructed  into  a  structure  with  no 
dangling  bonds. 

The  atomic  configurations  of  30  °  partial  dislocations  in  Si150  cluster  and  in  bulk  Si 
crystal  are  shown  in  Figs.  7a  and  7b,  respectively.  In  Fig.  7a,  the  reconstruction  defects 
“solitons”  can  be  seen  near  the  center  of  the  crystallite.  These  point  singuralities  “solitons” 
in  the  small  crystallites  are  formed  by  the  atomic  reconstruction,  which  is  initiated  at  the 
surfaces  and  then  propagate  into  the  interior  region  of  the  crystallite.  Therefore,  depending 
on  the  size  of  the  cluster,  e.g.,  for  odd  number  of  core  atoms(five  core  atoms  in  Fig.  7a), 
there  remains  isolated  single  point  singularity  “soliton".  In  contrast,  for  the  clusters  with 
even  number  of  core  atoms,  there  arises  no  point  singularity  along  the  dislocation  line. 

The  core  structure  of  the  dislocation  in  bulk  crystal  is  calculated  as  follows:  In  order  to 
save  computational  CPU  time  for  the  simulation  of  dislocations  in  the  bulk  crystal,  the 
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initial  atomic  configuration  is  chosen  to  be  the  artificial  reconstructed  structure.  Therefore, 
in  the  calculations  of  dislocations  in  bulk  crystals,  no  point  singularities  appear 
spontaneously  in  the  process  of  the  MD  computer  simulations.  It  is  noted  that  in  real 
crystals  such  point-like  singularities  do  exist  as  thermodynamical  defects,  like  vacancies  in 
the  crystals  at  finite  temperatures.  In  this  respect,  the  appearance  of  the  soliton  in  the 
dislocation  line  is  different  in  nature  from  that  in  the  small  crystallite. 

The  kinks  on  the  dislocation  line  can  be  modelled  by  breaking  and  forming  bonds  in 
such  a  way  that  the  stacking  fault  is  advanced  to  the  next  Peierls  valley.  The  kinks  A  and  B 
as  shown  in  Fig.  7(b),  are  formed  by  the  side-wide  motion  of  the  indivisual  kinks  after  the 
smallest  double  kink  formation:  This  type  of  the  double  kink  nucleation  occurs  as  a 
thermally  activated  process  and  can  not  be  simulated  by  the  computer  experiments.  Figure 
7(b)  shows  the  kink  pair  structure  along  the  30 8  partial  dislocation  in  the  bulk  Si  crystal. 
It  is  noted  that  there  are  two  types  of  kinks  along  the  30  °  partial.  Two  five-membered 
rings  are  placed  through  the  formation  of  the  double  kink  by  a  four-  and  six-membered  ring 
at  A  and  by  a  five-  and  six-membered  ring  at  A  and  by  a  five-  and  six-membered  ring  at  B . 
The  kinks  along  the  90  °  partial  have  identical  structures  and  can  be  described  as  a  trasfer 
of  two  six-membered  rings  to  a  five-and  a  seven-membered  ring.  The  kinks  are  fully 
coordinated  and  have  the  same  local  geometry  for  trailing  and  leading  partials.  We  have 
found  that  no  gap  states  associated  with  the  kinks  appear  in  the  core  of  30°and  90°partial 
dislocations.  This  is  due  to  the  fact  that  there  are  compressed  and  stretched  bonds  around 
the  kink  sites  and  compensation  occurs  for  the  local  electronic  states. 

CONCLUSION 

We  have  employed  a  minimal  parameter  generalized  tight-binding  molecular 
dynamics  scheme  for  the  calculations  of  the  lattice  defects  in  the  semiconductor  clusters.  It 
has  been  shown  that  inclusion  of  nonorthogonality  in  tight-binding  theory  in  conjunction 
with  a  judicious  choice  of  parameters  can  provide  results  in  good  agreement  with 
experiment.  The  scheme  is  considerably  faster  than  ab  initio  or  LDA  methods.  This  has 
been  achieved  by  incorporationg  vety  few  parameters  and  a  simple  scaling  with  distance  of 
the  parameters. 

In  the  present  study,  we  have  used  minimal-basis  TBMD  scheme,  and  investigated 
the  properties  of  lattice  defects  in  the  small  semiconductor  clusters.  It  has  been  shown  that 
there  are  marked  differences  in  the  properties  of  lattice  defects  in  the  clusters  and  those  in 
the  bulk  crystals.  The  excess  energies  of  dislocations  in  the  small  clusters  are  very  small 
and  often  take  negative  values.  The  core  reconstruction  of  the  dislocation  in  the  small 
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crystallites  occurs  in  a  different  manner  compared  to  those  in  the  bulk  crystals.  These 
theoretical  findings  can  suggest  that  the  deformation  behavior  and  mechanical  properties  of 
the  small  clusters  depend  strongly  on  the  size  of  the  clusters  and  are  quite  different  from 
those  of  the  bulk  materials. 
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Figure  1 :  Atomic  configurations  of  edge  dislocations  in  C,0,  C92  and  C142  clusters. 


Figure  2:  Relative  stabilities  of  carbon  clusters  with  and  without  edge  dislocations  are 
shown  by  symbols  A  and  O,  respectively.  The  energy  is  given  in  unit  of  eV/atom,  and 
the  origin  is  taken  to  be  that  of  C142  cluster  without  edge  dislocation. 
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Figure  3:  Atomic  configurations  formed  during  the  rigid  body  translation:  (a)  is  for 
(1 1)  plane,  while  (b)  and  (c)  for  (10)  plane. 


Figure  4:  Energy  barriers  (arbitrary  unit)  for  the  rigid  body  translation  on  ( 1 1)  and  ( 10) 


planes  in  2D  planar  carbon  clusters. 


N=7  N=8  N=9  N=l0 


Figure  5:  Atomic  configurations  of  small  Si  clusters,  Si^Si^.  Upper  (lower) 
clusters  are  obtained  by  orthogonal  (non-orthogonal)  TBMD. 
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Figure  6:  Atomic  configuration  of  Sig4  cluster:  unrelaxed  (a)  and  relaxed  structures  (b) 


Figure  7:  Core  structure  of  30  °  partial  dislocations  in  Si  cluster  (a)  and  bulk  Si  crystal 
(b).  Soliton  like  defect  can  be  seen  in  a)  and  double  kink  A  and  B  in  b).  In  figure 
a),  “core  atoms”  are  shown  by  symbols  ©. 
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ABSTRACT 

The  atomic  and  electronic  structures  of  semiconductor  heterostructures  including 
steps,  misfit  dislocations  and  interface  disorder  are  studied  by  using  the  tight- 
binding  molecular  dynamics  (MD)  simulation.  Atomic  structures  of  misfit 
dislocations  both  edge  type  1/2<110>(001)  and  60°  dislocations  in  the 
semiconductor  heterostructures,  like  ZnSe/GaAs(001)  and  GaAs/Si(001)  systems 
are  calculated  by  using  order  of  N  [0(n)]  calculational  method.  It  is  shown  that  the 
deep  gap  states  associated  with  the  misfit  dislocations  depend  strongly  on  the 
atomistic  configurations  of  the  interface.  The  path  probability  method  in  the 
statistical  physics  is  used  to  study  the  influence  of  the  interface  disorder  on  the 
electronic  properties  of  the  semiconductor  heterostructures.  It  is  shown  that  even  for 
the  very  early  stage  of  the  junction  relaxation,  the  interface  electronic  properties  are 
strongly  influened  by  the  interface  disorder. 


INTRODUCTION 

Recently,  considerable  attention  has  been  paid  to  the  study  of  surfaces,  interfaces, 
superlattices,  quantum  wells  and  quantum  dots  because  of  their  relevance  to  modem 
device  and  materials  applications  [1-6].  Accordingly,  the  need  to  work  with  large  lattice 
mismatched  systems  becomes  increasingly  important.  However,  little  is  known  about  the 
atomistic  mechanisms  of  strained  layer  epitaxial  growth,  e.g.,  thin  film  growth  on 
semiconductor  substrate  by  molecular  beam  epitaxy  (MBE)  [4] . 
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In  the  present  study,  we  investigate  the  atomic  configurations  and  electronic  states  of 
the  semiconductor  heterostructures,  including  steps,  misfit  dislocations  and  interface 
disorder  using  the  TB  molecular  dynamics  method  and  the  recursion  method  with  minimal 
basis  spY  functions.  We  report  self-consistent  calculations  of  the  atomistic  and  electronic 
structures  of  the  misfit  dislocations,  i,e.,  Lomer  edge  dislocations  and  60°  dislocations 
lying  in  the  plane  of  interface.  The  path  probability  method  (PPM)  is  also  used  to  study  the 
influence  of  interface  disorder  on  the  electronic  properties  of  the  semiconductor 
heterostructures  [7,8]. 


MISFIT  DISLOCATION 

An  experimental  investigation  of  the  misfit  dislocation  networks  has  been  carried  out 
by  transmission  electron  microscopy  (TEM)  in  the  GaAlAsP/GaAs,  GaAlAsSb/GaSb, 
InGaAsP/InP,  SiGe/Si  and  Ge/GaAs  heterostructures  grown  on  the  (OOl)-oriented 
substrates  [9-11].  Pure  edge  misfit  dislocations  in  a  form  of  curved  lines  leaving  the 
interface  and  greatly  deforming  misfit  dislocation  network  are  frequently  observed. 

The  misfit  dislocations  are  usually  named  as  type-I  and  type-II  dislocations.  Type-I 
dislocations  are  ideal  edge  dislocations  with  Burgers  vector  l/2[  1 10]  and  the  line  vector 
[1 10]  or  vice  versa.  Type-I  dislocations  are  "beneficial"  because  they  effectively  relax  the 
mismatch  stress,  but  do  not  degrade  the  film.  However,  type-H  dislocations,  having  their 
Burgers  vector  1/2[101],  1/2[101],  1/2[011],  or  l/2[0ll],  and  line  vectors  [110]  or 

[  110],  lie  in  the  { 1 1 1 }  planes  and  very  probably  propagate  to  the  film  surface  as  complete 
dislocations  or  by  dissociating  into  partial  dislocations.  If  the  dissociation  of  type-II 
dislocations  happens,  one  partial  is  left  at  the  interface,  but  the  other  partial  propagates  to 
the  film  surface.  The  areas  between  these  two  partials  are  stacking  faults.  Furthermore, 
type-II  dislocations  have  only  70%  of  the  total  Burgers  vectors  in  the  misfit  plane  so  that 
they  are  not  so  effective  to  release  the  strain.  Therefore,  the  occurence  of  type-II 
dislocations  should  be  minimized  because  it  is  harmful  to  the  film  quantity.  The  former 
type-I  misfit  dislocations  are  introduced  either  by  the  reaction  of  two  60°  dislocations  or 
during  island  growth  and  are  effectively  sessile.  The  critical  issue  on  heteroepitaxy 
technology  is  to  look  for  an  efficient  way  to  release  the  misfit  strain  by  predominately 
type-I  dislocations  or  to  suppress  type-H  dislocations  as  much  as  possible. 

APPROACH 
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We  use  TBMD  method  to  simulate  atomic  configurations  of  semiconductor 
heterostructures  and  core  structures  of  misfit  dislocation.  The  total  energy  of  the  system 
can  be  given  by  [12,13] 

H  =  pi2/2m  +  2£en(k)  +  Urepi  (1) 

where  the  first  term  represents  the  ionic  motion  energy  and  e^k)  are  the  single-particle  TB 
energies  (band  structure  energy)  of  the  occupied  states.  The  last  term  Urep  is  a  quantum 
mechanical  repulsion  which  can  be  written  as  Urep  =  Ey  -  E^,  where  Eee  describes  the 

electron-electron  interaction  and  corrects  the  double  counting  of  the  electron-electron 
interactions  in  Ebs  and  Ejj  is  the  Coulomb  interaction  among  bare  cores. 

Following  the  conclusions  by  Majewski  and  Vogl  for  the  isotropic  expansion  of 
crystalline  sp-bonded  materials  [12,13],  it  has  been  proposed  that  an  useful  expansion  for 
Epot  in  the  above  eq.(  1)  is  given  by 


Spot  =  Ebs  +  (®l  exP { -(rij-r0)/ a }  +  02  r^j  } ,  (2) 

where  the  first  band  structure  energy  term  is  calculated  by  a  minimal  sp3s*  basis  set  with 
nearest-neighbour  interactions  and  two-centre  approximation  [12].  The  matrix  elements 
are  scaled  upon  the  interatomic  distance  as  ry"^  according  to  Harrison' s  rule.  The  orbital- 

overlap  repulsive  potential  is  written  in  the  Bom-Mayer  form  where  r0  is  the  equilibrium 
interatomic  distance.  Only  nearest-neighbour  interactions  are  taken  into  account.  The  last 
term  describes  the  charge  transfer  effects,  which  include  both  the  intra-site  repulsion  and 
the  intersite  Coulomb  attraction:  the  sum  of  such  contributions  results  into  a  repulsive 
potential  of  the  form  of  eq.(2). 

The  atomic  relaxation  calculation  is  performed  by  using  the  quenched  molecular 
dynamics  method,  i.e.,  by  integrating  the  Newtonian  equation  of  motion  with  the  central 
difference  algorithm  [5,6].  The  path  probability  method  is  also  applied  to  study  the 
interface  disorder  due  to  interdiffusion  at  the  semiconductor  heterostructures  [7,8].  It  is 
known  that  cationic  intermixing  at  the  interface  takes  place  during  the  growth  process,  and 
this  influences  quite  significantly  on  the  vibrational  properties  of  ultra  thin  superlattices 
and  Raman  spectroscopy  has  been  used  to  investigate  the  interface  quality  [14,  15] 
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RESULTS 


Heterostructure  including  misfit  dislocation 

The  atomistic  irregularities,  such  as  misfit  dislocations,  threading  dislocations,  steps 
and  interface  disorder  of  constituent  atoms  are  important  factors  in  discussing  the  quality 
of  the  semiconductor  interfaces.  Steps  and  interface  disorder  exist  at  the  semiconductor 
interfaces,  and  their  control  is  quite  important  in  semiconductor  heteroepitaxy  technology. 
For  instance,  it  has  been  reported  that  the  predominant  occurrence  of  the  misfit  dislocation 
depends  strongly  on  the  condition  of  the  substrate  surface,  i.e.,  flat  or  stepped  surfaces. 
On  the  other  hand,  it  is  known  that  the  interface  disorder  (due  to  cationic  diffusion)  has 
important  consequences  for  the  vibrational  properties  of  ultra  thin  superlattices  [16-18] . 

In  Fig.  1(a),  we  present  the  atomic  configurations  of  misfit  dislocations  in 
ZnSe/GaAs(001)  semiconductor  heterostructures,  with  double  stepped  interfaces.  Also 
shown  in  Fig.  1(b)  represents  the  core  structure  of  60°  shuffle  set  dislocation  located  at  the 
interface  of  the  ZnSe/GaAs(001)  heterostructure.  The  details  of  the  calculation  method  of 
the  core  structure  of  the  misfit  dislocations  has  been  presented  in  our  previous  study 
[5,6]. 

In  the  present  calculation,  the  valence  band  discontinuities  AEV  at  heterostructures  are 
estimated  by  using  the  simplified  local  charge-neutrality  condition  [19-20].  Within  this 
scheme,  the  charge  transfers  are  restricted  to  the  interface  atom  pairs  and  the  net  electron 
transfer  [=_N,(A)+8N2(A)]  vanishes  for  the  self-consistent  treatment  of  compound 
semiconductors.  We  have  also  used  this  schetpe  with  minor  modification  for  the 
calculation  of  AEV  of  ZnSe/GaAs(001),  ZnTe/GaAs(001)  and  GaAs/Si(001) 
heterojunctions,  both  fiat  and  stepped  interface  configurations.  In  Fig-2(a),  we  present  the 
electronic  DOS  of  perfect  ZnSe(A,B)  and  ZnTe  (C,D)  crystals,  calculated  by  using  the 
recursion  method  with  sp3*-basic  functions. 

Within  the  TB  recursion  theory,  the  dislocation-induced  bound  electron  states  can  be 
detected  in  the  density  of  states  (DOS)  by  additional  sharp  spectral  lines  in  the  band  gap 
region.  The  present  recursion  method  of  the  spY  basis  function  [5,6]  can  reproduce 
correctly  the  structures  in  the  DOS  curves  of  the  perfect  compound  semiconductors  like 
ZnSe  and  ZnTe  (compared  to  those  calculated  by  the  k-space  tetrahedron  method).  In 
Fig.  2(b),  A  and  B  show  the  local  DOS  of  a  Zn-site  at  the  first  layer  of  the  ZnSe/GaAs 
heterojunctions,  with  flat  and  stepped  interfaces,  respectively.  In  Fig.2(b),  C  and  D  show 
the  corresponding  results  for  the  second  layer  Se-sites.  We  have  performed  similar 
calculations  for  ZnTe/GaAs(001)  heterostructures.  Also  shown  by  dashed  curves  in  A-D 
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of  Fig.  2(b)  are  the  electronic  states  associated  with  the  type  I  edge  dislocations  in  the 
ZnTe/GaAs(001)  heterostructures.  We  have  found  a  single  bound  state  associated  with  the 
misfit  dislocation  in  ZnTe/GaAs,  in  contrast  to  the  two  prominent  deep  levels  D,  and  D2  in 
ZnSe/GaAs(001)  systems  [5,6].  In  these  electronic  structure  calculations,  it  is  remarkable 
that  a  prominent  deep  gap  states  disappears  when  the  misfit  dislocation  is  located  at  the 
double  step  position,  as  shown  in  C  and  D  of  Fig.  2(b)  both  for  ZnSe/GaAs(001)  and 
ZriTe/GaAs(001)  systems.  The  disappearance  of  the  deep  gap  states  at  the  step  position 
can  be  considered  to  arise  from  the  facts  that  (i)  the  atomic  species  of  the  nearest- 
neighbours  are  different  from  those  of  the  flat  surface,  and  (ii)  the  valence  band 
discontinuity  becomes  slightly  changed  (larger)  at  the  step  position. 

In  Fig.3,  we  present  the  local  DOS  in  the  core  region  of  the  60°  shuffle  set  dislocation 
located  at  the  interface  of  ZnSe/GaAs(001)  heterostructure:  Figures  a,  b,  c,  d,  e,  f,  and  g 
are  the  DOS  on  the  corresponding  atoms  A~G  depicted  in  the  inset  of  the  figure.  One  can 
see  in  Fig.3  that  prominent  deep  levels  appear  in  B,  E,  F  and  G  sites  depending  on  the 
relative  position  of  the  core  of  60  °  shuffle  set  dislocations.  In  view  of  the  fact  that  the  60° 
dislocation  lies  on  the  { 1 1 1 }  plane,  it  is  expected  to  tend  to  propagate  to  the  film  surface, 
and  behaves  as  threading  dislocations:  We  have  found  that  this  type  of  threading 
dislocations  produces  the  deep  gap  states,  and  is  harmful  for  the  electronic  and  optical 
device  applications. 

In  view  of  the  fact  that  the  degradation  of  ZnSe/GaAs(001)  heterostructures  is 
enhanced  strongly  due  to  the  presence  of  the  misfit  dislocations  [4],  the  above  mentioned 
theoretical  findings  are  of  great  significance.  The  present  theoretical  findings  can  suggest 
that  by  controlling  the  atomic  geometry  of  the  semiconductor  heterostructures  (flat  or 
intentionally  tilted  step-rich  interfaces),  one  can  design  more  efficient  semiconductor 
heterostructures  with  desired  properties  using  the  “step  technology”. 

Interface  Disorder 

Atomic  species  disorder  at  the  interface  is  also  an  important  ingredient  in  discussing 
the  properties  of  the  semiconductor  heterostructures.  It  is  noted  that  the  semiconductor 
heterostructures  are  always  not  in  equilibrium,  and  therefore  the  junction  profile  can  be 
changed  by  thermal  means  or  by  elastic  stresses,  as  schematically  shown  in  Fig.  4.  The 
atomic  relaxation  at  the  semiconductor  heterostructures  can  be  discussed  using  the  non¬ 
equilibrium  irreversible  statistical  mechanical  approach,  path  probability  method  (PPM) 
[7,8].  In  contrast  to  the  continuum  theories,  the  PPM  takes  into  account  the  local 
correlations  of  atoms,  which  are  significant  when  the  concentration  gradient  is  large.  We 
apply  the  pair  approximation  of  PPM  to  the  junction  relaxation  of  the  semiconductor 
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heterostructures. 

We  work  with  a  binary  compound  with  vacancies,  i  =  0,  1  and  2  are  used  to 
designate  a  vacancy,  an  A  atom  and  a  B  atom,  respectively.  We  use  two  classes  of 
variables,  the  state  variables  and  the  path  variables,  which  are  defined  as  follows:  The 
variables  which  specify  the  state  of  the  system  at  time  fare  called  the  state  variables,  and 
we  use  point  variable  xn(i\t)  and  pair  variable  yv(ij,t),  where  i  and  j  are  0,  1  or  2,  xji;t)  is 
the  probability  of  finding  a  species  i  at  an  n-th  lattice  point  at  time  t,  where  as  yv  ( ij,t )  is  the 
probability  of  finding  i  on  an  n  point  and  j  on  an  adjacent  (n+1)  point  at  time  t.  There  are 
geometrical  relations  among  these  variables 

2>v-i =  ■  (3) 

i  i 

The  normalizations  of  these  probability  functions  are  given  by 

1  =  •  (4) 

I  >  i 

We  now  introduce  path  variables.  In  the  pair  approximation,  we  use  the  point  path  variables, 
X’s,  and  the  pair  path  variables  Y' s,  which  are  written  in  the  upper  case  letters  to  be 
distinguished  from  the  state  variables.  The  meaning  of  X„(i;0)s  is  the  probability  of  finding 
such  an  n  lattice  point  that  was  occupied  by  an  i  atom  at  time  t  and  becomes  vacant  (0)  at 
t+At  with  the  i  atom  having  moved  to  the  right.  The  subscript  L  is  when  the  atom  moves  to 
the  left.  For  the  sake  of  brevity,  we  do  not  write  t  and  t+At  explicitly  below,  unless  needed. 
Then,  It  can  be  shown  that  between  x’s  and  X’s  variables, 


!,(/;()  =  X„(i;i)  +  2(X,(/;0)[  +  X„(i;0),)  for  i* 0  (5-a) 

*.(»;«+ A/)  =  X„(/;i)+2(X.(i;0)l  +  X„(0;/),)  (5-b) 

*„(0;f)  =  X,(0;0)+2X(X,(0;i)t  +  X„(0;i)„)  (6-a) 

i*0 

xJO;t  +  Al)  =  X.(0;0)  +  2X(X„(0;i)1  +  X„(0;/)„)  (6-b) 

i*0 


In  the  PPM  procedure,  the  path  probability  function  (PPF)  is  given  in  terms  of 
the  path  variables,  and  then  we  maximize  the  PPF  to  derive  the  most  probable  path 
relations,  to  obtain  the  differential  equations  to  describe  how  the  system  changes  in  time. 
Usually  the  step  of  writing  the  PPF  is  skipped,  because  the  most  probable  path  relations 
can  be  written  down  based  on  intuitive  interpretation.  In  the  present  calculation,  we  take 
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into  account  the  energy  levels  after  an  atomic  jump  as  well  as  those  before  the  jump. 
Secondly,  we  impose  an  additional  new  constraint  to  the  path  variables. 

The  PPF  P  is  made  of  three  factors,  which  we  write  P,,  P2  and  Py  Here  often, 
N  is  referred  to  as  the  number  of  lattice  points  on  a  plane  parallel  to  the  boundary,  and  2 N 
is  the  number  of  bonds  for  each  v  position.  The  first  factor  P,  is  for  the  unit  jump 
probabilities : 

ln/?(r,f  • +  Ar)  =  2ArXX(yv(I'0;°0*  +  yv(O/;iO)Jln(A/0,.)  (7) 

v  I 

In  the  last  factor,  we  used 

01=9iexp(-j 3U,),  (8) 

where  0f  is  the  oscillation  frequency,  which  we  may  also  call  the  attempt  frequency,  of  an 
i  atom,  and  U,  is  the  activation  energy  for  an  i  atom  to  jump  into  a  neighboring  vacancy. 
We  assume  these  are  independent  of  the  variables,  since  this  assumption  is  appropriate  at 
this  level  of  the  theory. 

The  second  factor  P2  is  for  the  activation  energy  to  be  supplied  from  the  heat  bath 
P2  can  be  given  in  the  following  form: 

P2((,r+Af)=exp(-M£,„lta)),  (9) 


where  AE,^,^  denotes  the  energy  to  be  supplied  to  break  bounds.  Specifically,  we  write 
be  supplied  to  break  an  i-j  bond  as  (>0),  so  that  '* 

^»w»rt=2JVX2%((2rv(y;0;)t  +  rv(#;0y)J  +  (y,(i>;i0)[+2rv(,>-;.0)I))(10) 

'•  ij 

The  third  factor  P3  is  the  degeneracy  number,  and  is  derived  from  the  CVM  pan- 
expression  for  the  coordination  4.  We  write  it  for  an  ensemble  of  M  systems  as: 


(PJ(r,/+Af))"=n! 

norv 


({Point  at  n})3 
({Pair  at  v}„)!(M!) 


Y 

y 


(ii) 


where  {  }  is  the  standard  CVM  notation  to  represent  a  product  of  factorials.  In  rewriting 
P 3  in  the  logarithmic  form  using  Stirling’s  approximation,  we  use  the  L{x)  function 
defined  as 
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L(x)sxln^-x. 


(12) 


The  explicit  expression  of  the  logarithm  of  (11)  is 

Ar1lni>((,r+Al)  =  3j;(ln(X„)TERMS)-2X(i«(i'v)TERMS)  +  £l.(13) 

n  v  n 


Note  that  the  last  term,  the  sum  over  1,  cancels  other  terms  resulting  from  -x  in  eq. 
(12).  The  first  sum  in  eq.  (13)  is 

(Ln(X,)  TERMS)  *  £  I<X„(i;<))+2£(E(X.(i;0)t) + t(X,(i;0),))  ( 14) 

/  MO 

+2Z(L(X,(0-,i]L)  +  L(X,ms)) 

MO 

Note  that  in  this  expression  all  X  variables  are  summed.  We  may  write  X’s  in  terms  of  the 
exchange  variables.  Considering  that  eq.  (13)  is  summed  over  rt,  we  can  rewrite  ( 14)  as 

(Ln(X,)TERMS)aXi(X.0':0)  +  ‘*S(i(lV(Oi;iO)J  +  L(lV(/O;Oi),))(15) 

i  1*0 

The  second  term  of  eq.  (13)  becomes 

(^jTERMS)=Xi(n(i/;y))+2;(L(n(0i;;0)J+i.(Tv(i0;0;)„))  (16) 

i\j  M  0 

+  + 2t(K(y;iO),)  +  2t(rv(y;0j)J  +  EftO/W),)) 

i*0.j*o 

+  X(24xv(iO;y)J+E(n(.0;u)J+2L(r„(.0;00)J  +  t(r,(i0;0p),)^ 
+  I(i(K(Oi;_/Ot)+2i(n(0'';ji)»)+4i'.(o/;oo)J+2L(i;.(oi;oo),)) 

l*0,j*0 

+SWn(OO;iO)1)+2I,(yv(0O;(O),)+2L{n(OO;Oi)£)  +  E(n(OO;O/ ),)). 

MO 

In  writing  the  PPF  P,  we  expect  that  we  maximize  it  to  derive  the  most  probable 
path.  We  differentiate  with  respect  to  all  the  exchange  and  the  side-exchange  variables. 
Since  they  are  not  independent,  the  constraint  requirement  among  them  are  taken  into 
account  by  adding  the  Lagrange  multipliers  to  P.  We  have  listed  all  necessary 
expressions  to  write  in  P,  which,  however,  is  lengthy  and  its  total  expression  is  not 
written  here. 

Different  from  the  CVM  treatment,  we  do  not  normalize  the  path  variables  to  unity. 
Instead,  the  conditions  we  have  for  the  path  variables  are  that  their  projections  to  time  t  are 
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equal  to  the  given  state  variables  at  t.  These  constraints  are  used  to  make  the  stationary  path 
variables  as  dependent  on  the  rest  of  Y’s.  Namely,  we  have  for  i*0  andj*0 


= *(<>;»)  -  K(ipo)L -2Yv(auo), -2Yv(m)L  -  Yv(ii;0j),  07) 
K,(iO;iO)  =  3V(«;»)- +  Yr(i(Y,ij),  -  Yv(Wi),-2Yvm00)L  ~  W 00),) 

t*  0 

(18) 

Yv(0i;i0)  -  yvmt)-J1{Yv(0i-,ji)L  +  2Yv(0i;ji),  -  Yv(0iJ0)L  ~  l'v(0/;00)t  -  2y,(0i;00)„) 
i*  0 

(19) 

rv(00;00)  =  yv(00;f)-  X(21'v(00;0i)t  +  iUOftOi),  +  r„(00;i0)t  +  2Kv(00;i0),) 

;*o 

(20) 


Also  one  can  dirive  the  following  relations: 

X,(i;i)  =  X„(i;<)-2(yv.1(0i;i0)1  +  Yv{iWi)t)  for  i* 0  (21) 

X,(0;0)  =  ^(0;<)- 2X(JV(0i:<O)t  +  yv_,(f0;0f)»)  (22) 

>*0 

The  path  probability  function  (PPF)  is  the  variational  function  from  which  the 
most  probable  path  is  derived,  in  the  sense  as  the  free  energy  is  the  variational  function 
from  which  the  equilibrium  state  in  derived.  The  PPF,  derived  in  the  first  step  of  the 
formulation,  contains  not  only  for  the  most  probable  path  but  also  for  fluctuated  path.  Then, 
the  PPF  is  maximized  to  derive  the  most  probable  path,  which  describes  the 
macroscopically  observed  direction  of  change  of  the  system.  The  most  probable  path  leads 
to  the  set  of  kinetic  equations  to  describe  the  evolution  of  the  system. 

The  important  problem  in  the  calculation  of  the  junction  relaxation  is  to  find  the 
driving  force  for  the  atomic  flux:  The  composition  gradient  or  chemical  potential  term 
Ajln/An  may  not  always  be  interpreted  as  the  driving  force  for  the  atomic  flux.  In  order  to 
understand  the  driving  force,  one  must  consider  the  kinetic  equation.  For  instance,  the 
atomic  flux  through  the  specific  bond  v  =  1.5  is  written  as 

JV(1)R=YV(1)R-YV(1)L  (23) 

where  Yv(l)  R  is  the  probability  of  a  species  #1  to  jump  from  an  n  =  1  point  to  an  adjacent  n 
■X  2  point  towards  right  through  the  V  =  1 .5  bond,  and  Yv(l)  L  is  the  reverse  jump  towards 
left.  The  most  probable  path  in  the  pair  approximation  of  PPM  leads  to  the  following 
expressions 
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Yv(1)r  =  At0,yv(lO;t)  B{v-l,n,v;t}  G{v,n+l,v+l;t} 
Yv(1)l=  At0,yv(Ol;t)  G{v-l,n,v;t}  B{v,n+l,v+l;t} 


(24) 

(25) 


where  0j  is  the  attempt  frequency  factor  including  the  activation  energy  contribution.  The 
bond-breaking  contribution  B{v-l,n,v;t}  and  the  bond-forming  contribution 
G{v-l,n,v;t}  depend  on  the  pair  variables  y v_, (ij ;t), yn (ij ;t),  yv(ij;t)  and  xa(i;t)  as  indicated 
by  the  arguments  [7,8]. 

One  of  the  example  calculations  of  the  relaxation  of  semiconductor  heterojunction 
is  presented  in  Fig.5.  We  have  found  the  following  characteristic  features: 

(i)  At  the  initial  stage  of  relaxation  of  a  sharp  profile,  overshooting  of  the  profile 
occurs. 

(ii)  Near  a  sharp  junction  profile,  the  atom  flux  changes  sign  during  relaxation. 

(iii)  Near  the  junction,  the  chemical  potential  gradient  becomes  zero  at  a  different  time  t* 
from  that  of  the  atom  flux.  There  is  a  time  period  in  which  atoms  do  not  flow 
downhill  along  the  chemical  potential  gradient. 

(iv)  The  local  chemical  potential  gradient  in  non-equilibrium  state  depends  not  only  on 
the  density  gradient  but  also  on  atomic  pair  correlation. 

(v)  While  the  overshooting  is  occurring,  the  free  energy  of  the  entire  system 
monotonically  decreases. 

(vi)  The  overshooting  can  be  understood  by  a  kinetic  reasoning  as  due  to  the  repulsion  of 
atoms. 

Even  for  the  very  early  stage  of  the  junction  relaxation,  i.e.,  after  -100  time  steps, 
the  electronic  states  associated  with  the  misfit  dislocations  are  influenced  quite 
significandy  by  the  interface  disorder  compared  with  those  located  at  the  sharp  interface. 
We  have  found  that  when  one  of  the  atoms  in  the  core  of  the  misfit  dislocation  is  changed 
by  interface  relaxation,  the  dislocation  induced  gap  state  is  drastically  altered,  it  even  leads 
to  the  disappearance  of  the  gap  states.  Therefore,  the  appearance  of  electronic  bound  states 
of  the  misfit  dislocations  must  be  discussed  by  using  the  precise  knowledge  of  atomic 
species  in  the  core  region  of  the  misfit  dislocations. 

In  the  present  study,  we  have  considered  semiconductor  heterostructures  with 
ideal  interfaces  as  well  as  those  with  interface  disorder,  by  allowing  cationic  intermixing, 
which  very  likely  takes  place  during  the  growth  process.  We  have  found  that  the  interface 
disorder  influences  quite  significantly  the  electronic  properties  of  the  semiconductor 
heterostrucutres.  The  present  atomistic  simulation  is  also  of  significance  in  view  of  the 
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recent  experimental  results  that  the  interface  disorder  is  much  larger  in  (113) 
heterostructures  than  in  (001)  ones. 
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Density  of  States  (eV-atom-5 


Figure  1 :  Atomic  configurations  of  semiconductor  heterostructures  at  a  (00 1 ) 

interface  of  a  zincblende  crystal,  (a)  misfit  dislocation  at  a  double  step,  (b)  60° 

dislocation  at  the  interface. 

(a)  (b) 


Figure  2:  (a):  Electronic  DOS  of  perfect  ZnSe  and  ZnTe  crystals,  A  and  B  are  Zn  and 
Se,  and  C  and  D  are  Zn  and  Te  in  ZnSe  and  ZnTe,  respectively,  (b):  Local 
electronic  DOS  in  the  core  of  type  I  edge  dislocation,  shown  in  Fig.  1(a). 
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Local  Density  of  States  (l/«V"tttcwu> 


E(eV)  E(cV) 

Figure  3:  Local  electronic  DOS  in  the  core  of  shuffle-set  60°  dislocation  in  a 

ZnSe/GaAs(001)  heterostructure,  a,  b,  c,  d,  e,  f  and  g  represent  local  DOS  of 
the  corresponding  sites  (A~G)  shown  in  the  inset. 


(a)  (b) 


Figure  4:  Schematic  drawings  of  semiconductor  superlattices  ;  (a)  sharp  interface 
and  (b)  diffuse  interface. 
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Figure  5:  .Relaxation  of  composition  profile  obtained  by  integration.  The  initial 

composition  is  taken  to  be  x„(l)=0. 15  at  the  flat  bottom,  and  0.85  at  the  flat  top. 
Other  curves  are  at  the  time  steps  450,  1000,  10000,  30000,  100000,  150000 
and  30000  in  an  arbitrary  time  interval. 
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ABSTRACT 

Light  absorption  at  the  semiconductor  boundary  is  analized.  It  is  found 
that  the  posibility  of  the  electron  momentum  nonconservation  at  the 
interface  can  lead  to  essential  enhancement  of  absorption.  Influence 
of  the  interface  roughness  is  considered.  The  size  dependence  of  the 
absorption  is  estimated. 


I.  INTRODUCTION 


It  is  well  known  that  the  direct  interband  electron  transitions  is  the  main  mecha¬ 
nism  of  light  absorption  in  pure  semiconductors.  These  transitions  are  direct  owing 
to  the  momentum  conservation  low  for  the  excited  electron.  The  momentum,  which 
this  electron  obtains  from  the  light  wave  (~  Trh/X0,  where  A0  is  the  wavelength 
of  the  light),  is  small  in  comparison  with  the  electron  momentum  in  the  crystal 
(~  tt %/a,  where  a  is  the  lattice  constant).  It  is  clear,  however,  that  the  momentum 
is  not  conserveing  if  the  absorption  takes  place  at  the  crystal  boundary  or  at  the 
interface  between  two  crystals.  The  possibility  of  indirect  electron  transitions  at 
the  interface  can  result  in  enhancement  of  the  absorption.  This  means  that  the 
considerable  enhancement  of  light  absorption  has  to  be  observed  in  porous  and  mi¬ 
crocrystalline  semiconductors  where  the  share  of  the  interface  atoms  is  sufficiently 
large. 

This  interface  mechanism  of  light  absorption  becomes  most  important  if  indi¬ 
rect  electron  transitions  are  more  preferable  than  the  direct  ones.  This  happens, 
first,  in  indirect-band-gap  semiconductors  where  the  electron  transition  to  the  side 


Electrochemical  Society  Proceedings  Volume  98-19 


489 


valley  in  the  bulk  should  be  accompanied  by  the  electron-phonon  or  electron- 
impurity  interaction.  This  happens  also  in  direct-band-gap  semiconductors  if  the 
density  of  electron  states  in  one  of  the  bands  (valence  or  conduction)  essentially 
exceeds  the  density  of  states  in  another  band. 

Both  possibilities  are  considered  in  this  paper.  We  consider  the  frequency 
dependence  of  the  absorption  at  the  fundamental  absorption  edge  and  estimate 
the  relative  value  of  the  interface  absorption. 


I.  THE  MODEL 


We  consider  the  light  absorption  at  the  surface  of  the  semiconductor  quantum  dot 
or  the  microcrystallite  embedded  in  an  insulator  media.  For  definiteness,  suppose 
that  this  microcrystallite  is  a  cylinder,  and  assume  each  size  of  this  cylinder  to  be 
large  in  comparison  with  the  lattice  constant.  On  this  assumption  the  envelope 
function  approximation  is  valid.  Moreover,  this  assumption  allows  us  to  consider 
the  light  absorption  as  the  inelastic  scattering  of  the  electron  at  the  interface  if  the 
electron  wavelength  is  sufficiently  small.  We  introduce  the  Cartesian  coordinate 
system,  where  the  z  axis  coincides  with  the  axis  of  the  cylinder,  and  assume  that 
semiconductor  occupies  the  region  z  <  0. 

The  probability  for  the  photon  to  be  absorbed  in  the  crystallite  is 


V  = 


(2 7Tft)V  ^ 

m\cumS  ^ 


<f^i> 


8{ec  -ev-  ftw), 


(1) 


where  ft,  e,  me,  and  c  are  the  fundamental  constants,  u>  is  the  photon  frequency, 
n  is  the  refraction  index,  S  is  the  area  of  the  crystallite  side  z  —  0  where  the 
absorption  is  considered,  p  and  q  are  the  electron  momenta,  p  and  q  are  their  z 
components,  ec(q)  and  e„(p)  are  the  energies  of  the  electron  in  the  conduction  and 
valence  bands.  The  electric  field  of  the  light  is  directed  along  the  z  axis;  i  >  and  /  > 
are  the  wave  functions  of  the  electron  before  the  excitation  (in  the  valence  band) 
and  after  it  (in  the  conduction  band)  correspondingly.  Wave  functions  i  >  and 
/  >  depends  on  the  band  structure  of  the  crystallite  and  the  boundary  conditions 
for  the  envelope  wave  functions  at  the  interface  between  the  crystallite  and  the 
insulator. 

To  consider  the  Coulomb  interaction,  which  occurs  between  the  exited  electron 
and  the  hole  in  the  valence  band,  within  the  framework  of  our  model,  we  have  to 
input  the  weight  factor  $(7)  =  7T7exp7T7/(sinh7r7)  [where  7  =  (^ag/ft)"1,  an<l  aB 
is  the  effective  Bohr  radius]  into  the  sum  (1)  [1]. 

It  is  possible  to  change  summation  in  Eq.  (1)  by  integration  over  the  electron 
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energy  and  parallel-to-the-interface  components  of  the  momentum  qj|.  We  obtain 

e2mcmha2  t  ${i)\Pvc\2  dec#q\\ 

(2ir)2h4m2(jcn  J  2mh(hw  -  ec)  -  gjj  ^2 mc(ee  -  Eg)  -  qf 

,  „  .n  r.d.. 

where  Vvc  »  -ijj~  <  f\^\i  >, 

mc  and  mh  are  the  effective  masses  of  the  electron  in  the  conduction  and  valence 
bands  respectively,  a  is  the  lattice  constant,  N  and  N,  are  the  numbers  of  atoms 
in  the  crystallite  and  at  the  interface,  and  Eg  is  the  gap.  The  limits  of  integration 
are  determined  by  the  region  where  the  expressions  under  the  square  roots  in  the 
integrand  are  positive.  Note  that  q  value  is  independent  of  the  crystallite  length. 

III.  BOUNDARY  CONDITIONS  FOR  THE 
ENVELOPE  WAVE  FUNCTION  AT  THE 
SHARP  INTERFACE  OF  MATERIALS  WITH 
A  DIFFERENT  CRYSTAL  SYMMETRY 

Let  z  =  0  be  the  interface  between  two  crystals.  The  electron  spectrum  in 
each  crystal  could  be  degenerate.  This  means  that  a  few  states  for  the  electron 
with  the  same  energy  E  can  exist.  These  states  correspond  to  the  different  valleys 
or  bands  of  the  spectrum.  Let  Ml  be  the  degeneracy  degree  in  the  left  crystal,  and 
Mr  be  that  in  the  right  crystal.  The  wave  function  of  the  electron  in  this  system 
is 

IM1 

5D  ^](r)^(r)  in  the  left  crystal, 

(3) 

AT 

J2  V>,T(rM  (r)>  in  right  crystal. 
i=i  1 

Where  ^.r(r)  are  the  Bloch  wave  function  of  the  electron  in  the  left  and  right 
crystals  correspondingly,  and  V’!’r(r)  are  the  envelopes.  The  subscript  i  enumerates 
the  different  states  of  the  electron  with  the  energy  E ,  and  kj  are  the  wave  vectors. 
The  envelopes  ^|,r(r)  should  be  smooth,  so  that  they  do  not  appreciably  change 
on  the  scale  of  the  lattice  constant. 

The  envelopes  should  be  matched  at  the  interface.  In  the  effective  mass  ap¬ 
proximation  the  boundary  conditions  at  the  interface  z  —  0  are  of  the  form  [2] 

M1 

•••»  (4) 
j=i 
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i  =  1,  M‘. 


Mr 

i=i 

Where  b\j  are  the  parameters  of  the  boundary  conditions,  which  relate  the  en¬ 
velopes  at  the  different  sites  r<  of  each  crystal  lattice.  It  is  important  that  these 
sites  are  close  to  the  interface,  so  that  |r,-  —  r,|  ~  a,  and  aV^,r  ~  a/ A  <  1  (here 
A  is  the  electron  wavelength).  When  it  is  possible  to  expand  the  envelopes  at  the 
interface  and  rewrite  Eq.  (4)  as  follows: 

V  +  T'aVVi  =  ‘  =  1.  •  •  •  - 

3=1 

Mr 

ri  +  T\0vti  =  '£(Wi+T;jvvj)  i  =  1 . M‘.  (5) 

3=1 

Where  bl-J  and  r1--  are  the  real  values  which  are  independent  of  the  electron  energy. 
The  vectors  can  be  directed  along  the  normal  to  the  interface;  j |  ~  a,  so 
that  \T%V$r\ ~  a/A<  1. 

In  the  simplest  case  of  the  contact  of  nondegenerate  semiconductors  (Ml  — 
MT  =  1)  the  boundary  conditions  (5)  can  be  rewritten  in  the  form: 


where  T  is  the  2x2  matrix  with  the  real  components  \\t%k\\-  Their  values  can  be 
written  in  terms  of  bik  and  rik.  They  are  independent  of  the  electron  energy  and 
can  be  used  as  the  fenomenological  parameters. 

Nonlocal  boundary  conditions  (4)  can  be  used  to  obtain  the  boundary  con¬ 
ditions  for  the  envelope  wave  function  at  the  rough  interface.  We  consider  the 
special  form  of  a  rough  interface  that  is  presented  on  Fig.  1.  The  interface  looks 
like  an  array  of  the  plane  areas  of  the  same  crystallographic  orientation.  The  ran¬ 
dom  function  z  =  £(r)  of  the  coordinates  in  XY  plane  determines  the  positions  of 
these  areas  relative  to  z  —  0. 

We  assume  the  average  height  of  roughnesses  a  to  be  small  in  comparison 
with  the  electron  wavelength.  Then  it  is  possible  to  describe  the  rough  interface 
by  means  of  the  correlation  function  W(r',r,/)  =  £(r')£(r^).  For  the  homogeneous 
rough  interface  W(r',r")  =  W(r'  -  r"),  i.e.,  the  correlation  function  becomes 
the  function  of  one  variable:  p  =  r'  -  r".  There  are  two  parameters  which  are 
most  important  when  the  statistical  properties  of  a  rough  interface  is  considered: 
a2  =  W(0)  and  the  correlation  length  l  —  the  mean  attenuation  length  of  the 
correlation  function.  In  our  model  the  correlation  length  l  can  be  associated  with 
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the  mean  size  of  the  plane  area  (Fig.  1).  We  shall  analyze  the  relation  between  the 
light  absorption  and  parameters  a  and  l. 

The  special  form  of  the  rough  interface  (Fig.  1)  allows  us  to  apply  the  boundary 
conditions  that  are  applicable  for  a  plane  interface  at  each  plane  z  =  £.  It  is 
important  that  these  boundary  conditions  are  not  applicable  at  the  vicinity  of  the 
corner  points  (like  point  1  on  Fig.  1).  We  assume  the  mean  size  of  the  plane  areas 
to  be  large  in  comparison  with  the  lattice  constant,  so  that  the  relative  number  of 
the  corner  points  is  small. 

To  obtain  the  boundary  conditions  at  the  rough  interface,  it  is  necessary  to 
expand  the  envelopes  in  Eq.  (4)  at  z  =  £(r),  instead  of  z  =  0.  This  means  that 
the  values  of  r  in  Eq.  (5)  should  be  replaced  by  r  +  £,  so  that  the  matrix  of  the 
boundary  conditions  T  becomes  of  the  form 

tll+hlt  ^12  +  (*11  +  *22)^  +  *2i£2 

*21  *22  +  *2l£ 

where  Uk  are  the  components  of  the  boundary  conditions  matrix  (6)  at  the  plane 
interface. 

It  is  important  that  now  the  boundary  conditions  matrix  depends  on  p.  This 
results  in  the  diffuse  components  of  the  wave  functions.  We  write  the  envelopes  as 
the  sum  of  their  average  $/fT.  and  diffuse  <pitT  components 

=  $/, r  +Vl,r»  where  =  $i,r,  =  0.  (8) 

The  boundary  conditions  for  the  average  components  are  of  the  form  of  Eq.  (6), 
where 

in  =  in  +  it  21  j  k,W(k  -  ko)  <fk, 

<12  =  tu  +  *(<n  +  <22)  J  kxW( k  -  k0)  cP k, 

<21  =  <21  [l  +  /  k2zW(k  -  ko)  d2k]  ,  (9) 

<22  =  <22  +  «21  J  k,W(  k  -  koKk, 

are  the  effective  parameters  of  the  boundary  conditions,  W(p)  =  £(r  -f  p)£(r)  is 
the  correlation  function  of  the  rough  interface,  and  W  is  its  Fourier  transform 

lV(k)  =  J  W{p)c-^d2p. 

For  the  diffuse  component  of  the  envelope  <p(r)  we  obtain 

¥’{r)  =  /  A(K)i(y  ~  where  (10) 
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We  should  emphasize  the  two-fold  influence  of  the  interface  roughness.  First, 
the  roughness  of  the  interface  results  in  the  diffuse  component  of  the  scattered  wave. 
This  component  is  always  small  for  the  long  wavelength  electrons  and  vanished 
when  A  -4  oo.  Second,  the  effective  parameters  of  the  boundary  conditions  depend 
on  the  interface  roughness.  This  effect  depends  on  the  relation  between  the  electron 
wavelength  and  the  correlate  length  of  the  rough  interface.  Indeed,  if  A  <  /  then  we 
can  assume  W( k  -  q||)  ~  a25{ k  -  q||).  The  corrections  to  the  effective  boundary 
conditions  parameters  (9),  coursed  by  the  roughnesses,  become  proportional  to 

<r2/(/A). 

Corrections  to  Uk  become  independent  of  A  then  A  l.  This  is  clear  from 
Eq.  (9)  because  in  this  case  |q(|[  <  |k|.  It  is  easy  to  understand  the  reason. 
Formally,  the  roughnesses  each  size  of  which  is  less  then  the  electron  wavelength 
could  be  taken  into  account  when  the  boundary  conditions  parameters  bik  and 
Tik  are  obtained.  In  that  consideration  the  roughnesses  affect  the  value  of  these 
parameters  but  don’t  make  them  dependent  on  A  [2].  It  follows  from  Eq.  (9)  that 
A  dependent  corrections  to  tik  are  of  the  order  of  (//A)2;  this  is  in  agreement  with 
estimations  Ref.  [2]. 

IV.  INTERFACE  LIGHT  ABSORPTION  IN 
INDIRECT-BAND-GAP  SEMICONDUCTORS 

The  band  structure  of  the  semiconductor  is  presented  on  Fig.  2.  For  sim¬ 
plicity,  we  assume  the  nondegenerate  valence  band.  There  are  two  valleys  in  the 
conduction  band:  the  central  valley  with  the  minimum  at  the  center  of  Brillouin 
zone,  and  the  side  valley  at  the  edge  of  it.  It  is  important  that  the  side  valley  is 
situated  in  the  direction  of  the  normal  to  the  base  of  the  cylinder. 

We  can  write  the  electron  wave  functions  as  follows: 

1  \  [v{r)j**  +  ,  z<  0, 

*  >_  y/N  I  Tve-lvZ+ipUp,  z>  0, 

(11) 

_ l_  f  Uu0(r)e**  +  z<0> 

>_  y/N  \  Tce"'yc2+’9H^,  z  >  0. 

Where  ~fCyV  are  decaying  factors  of  the  wave  functions  apart  from  the  crystallite, 
v,  u0,  and  uq  are  the  Bloch  amplitudes  in  the  valent  band,  the  central  and  side 
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valleys  of  the  conductive  band;  p,  «,  and  q  are  z  components  of  the  wave  numbers 
in  these  valleys,  p||  and  qj|  are  their  components  that  are  parallel  to  the  interface, 
and  p  is  the  radius  vector  in  this  direction.  The  semiconductor  occupies  the  region 
z  <  0,  so  that  the  wave  functions  decay  when  z  >  0.  The  coefficients  R,  Tv,  A ,  B, 
and  Tc  can  be  determined  from  the  boundary  conditions  for  the  envelopes  (5).  We 
obtain 


Wi-i-iftW-i-W’ 

_ K2  -  <»*&) _ 

1  —  <13(31  —  <11  <21  —  iq  (<31^12  +  <11<21t30  —  Tio)  * 

j _ (<31^1C3  +  <ll<21r30  ~  r3o) _ 

1  —  <12<31  —  <11<21  —  *9  (<31^2  +  ^11^21r30  ”  <30) 


(12) 


Where  <y,  r?-  <?■„  and  rfi  are  the  parameters  of  the  boundary  conditions  (5)  for 
the  valence  and  conductive  bands  correspondingly. 

The  inequalities  \pr\  1  and  |^r|  1  should  be  satisfied  for  the  electron 

which  has  been  exited  from  the  top  of  the  valence  band  to  the  bottom  of  the 
conductive  band.  This  point  had  been  taken  into  account  when  Eq.  (12)  was 
obtained. 


It  is  difficult  to  obtain  the  parameters  of  the  boundary  conditions  (5).  Never¬ 
theless,  we  can  relate  them  to  the  positions  of  the  energy  levels  that  are  separated 
from  the  conduction  and  valence  bands  at  the  interface.  Positions  of  these  interface 


levels  are  determined  by  the  poles  of  Eq.  (12).  Thus, 


_  2ip  ^  _  ^iq  <2i  (Ti2  *12t3o)  1  \  B  = 

Kv  —  ip  Ke  —  iq  (£§{T|3  +  1 21r30  —  r3o)  *  Ke  —  ' 

(13) 

kv  1 ,  and  k~1  are  the  decay  factors  of 
states;  Ev  and  Ec  are  the  energies  of 
the  interface  levels  separated  from  the  valence  and  conduction  bands  respectively; 
TOfc  and  mc  are  the  effective  masses  of  the  electron  in  these  bands.  We  assume  that 


where  kv  =  yJ2 mhEv,  kc  =  yj2mc(Eg  -  Ec)\ 
the  electron  wave  functions  of  the  interface 


energies  are  measured  from  the  top  of  the  valence  band. 

The  probability  of  the  photon  absorption  in  the  crystallite  is  determined  by 
Eq.  (2),  where 


— i~r-  +  — +  ip.(l  +  B*)(  1  +  R), 
K  +  lp  K  —  ipJ  2  ' 


Pc~  ih L^Tz^'  P‘ ~  ~ih L^Tz^' 


ec  and  ev  are  the  electron  energies  in  the  conductive  and  valence  bands  respectively, 
and  flo  is  the  unit  cell. 
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We  see  that  the  frequency  dependence  of  rj  is  determined  by  the  momentum 
dependence  of  VVc  which,  in  turn,  essentially  depends  on  the  relation  between  kv, 
kc  and  the  corresponding  momenta  p,  q,  i.e.,  on  the  interface  levels,  whether  they 
are  close  to  the  bottom  of  the  corresponding  bands.  If  we  assume  the  Coulomb 
factor  $(7)  as  independent  of  q  then  the  result  of  integration  Eq.  (2)  can  be  written 
as  follows: 

D  « (liu  -  E,y  \P.\*  +  ,  where  (15) 

{3  if  hu>  —  Eg  min(2?w,  Eg  —  Ec ), 

2  if  min^,  Eg  -  Ec)  <hu-Eg<  ma x(Ev1  Ec)> 

1  if  hu>  -  Eg  >  ma x(Ev,  Eg  -  Ec). 

where  /?  is  the  dimensionless  parameter,  which  has  been  aroused  from  the  first 
term  of  the  expression  (14).  Two  terms  in  the  square  brackets  of  Eq.  (15)  can 
be  interpreted  as  follows:  the  first  one  corresponds  to  the  immediate  transition 
of  the  electron  to  the  side  valley  at  the  interface,  second  term  corresponds  to 
the  excitation  of  the  electron  to  the  virtual  interface  state  of  the  central  valley 
subsequented  by  conversion  to  the  side  valley,  it  prevails  if  the  valleys  minima  are 
close  (kc  <  1). 

In  fact,  $(7)  is  independent  of  q  if  qas  >  ft-  Otherwise,  if  qas  ft,  it  is 
proportional  to  q~x\  in  this  case  the  exponent  v  changes,  so  that  v  -4  v- 1/2  when 
hw-  Eg  <  pe4/(2e2ft2)  (where  fi~l  =  m'1  +  m^1,  e  =  n2). 

Thus,  the  frequency  dependence  of  the  absorption  at  the  fundamental  absorp¬ 
tion  edge  essentially  depends  on  the  conditions  at  the  interface.  Namely,  whether 
or  not  the  interface  electron  levels  are  close  to  the  corresponding  bands  extrema. 

V.  INTERFACE  LIGHT  ABSORPTION  IN 
DIRECT-BAND-GAP  SEMICONDUCTORS 

Let  us  consider  the  interface  light  absorption  in  semiconductor  the  band  structure 
of  which  is  presented  on  Fig.  3.  We  suppose  the  effective  mass  approximation  to  be 
valid  in  each  band  and  assume  that  the  effective  mass  in  the  conduction  band  mc 
essentially  exceeds  the  effective  mass  in  the  valence  band  m/,,  ( wih  ^  mc)-  Such  a 
situation  occurs  in  the  Ti02  band  structure  in  T  -  M  direction. 

We  can  write  the  wave  functions  as  follows: 

.  __L(Wr)e<pH^;(r)e-’1cW,  z<Q 

l>~  y/N  I  Tve-^z+ip np,  z  >  0, 

(16) 

,  [<(r)e-^  +  Rcuq(r)ciqz]eiqtip ,  z<  0 

^  l  Tct-™*9 Hp,  z  >  0. 
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Where  wg(r)  and  up(r)  are  the  Bloch  amplitudes  in  the  conduction  and  valence  band 
respectively;  R^,  Rc,  Tv,  and  Tc  are  the  reflection  and  transmission  coefficients.  It 
is  possible  to  relate  these  values  with  positions  of  the  interface  levels.  Then  we 
obtain 

1  +  *  —  2ip  2,q 


1  +  Rc  =  .  , 

kv  -ip  kc  +  iq 

where  kv  —  \/2mhEv,  kc  =  yj2 mc{Eg  -  Ec). 

The  value  of  interband  matrix  element  Vvc  is  of  the  form: 


Ui  =  f 

Jq 


(kc  +  kv)2(uj  -  ec) 


2 mc(ec  -  Ee){u>  ■ 
u0v  o  d3  r. 


■  £c  + 


(17) 


where  (18) 


If  we  assume  the  Coulomb  factor  $(7)  as  independent  of  q,  then  the  result  of 
integration  (2)  can  be  written  as  follows: 


rj  oc  (hw  —  Eg)v}  where  (19) 

{2  if  -  Eg  <  min(i?v,  Eg  -  Ec ), 

1  if  min(£v,  Eg  -  Ec )  <  hu  -  Eg  <  ma x(Ev,  Ec ), 

0  if  hco  -  Eg  >  max(2?„,  Eg  -  Ec).  . 

In  direct-forbidden-band-gap  semiconductors  u0(r)  =  0.  We  assume  ug(r)  = 
2isin(ga/2)  u;g(r),  where  iug(r)  is  the  periodic  function  of  r  that  is  not  vanished  at 
q  =  0.  Then  for  Vvc  value  we  obtain 


U2=  f 

Jn0 

Integration  of  Eq.  (2)  yields 


17?  p  (£c  ^9)^  £g) f  where 

\pvc\  -  w2  (ec  _  Ec){u  _  £c  +  Ev)  **,„*„  ’  where 

dv0 


w°~dz  <^r’ 


(20) 


q  oc  (hu>  —  Egy ,  where  (21) 

(  3  if  %u)  -  Eg  <C  min(J5v,  Eg  -  Ec ), 
v  =  <  2  if  min(J5v,Es  -  £<,)  <  fcw  -  Eg  <  max(£)v,  J5C), 

(l  if  -  Eg  >  max(i?v,  —  £c). 


Strictly  speaking,  Eq.  (21)  valids  only  then  hu>  —  Ea  Wc,  where  Wc  is 
the  conduction  band  width.  This  value  is  small  in  Ti02.  For  that  reason  it  is 
interesting  to  consider  the  opposite  limiting  case  Wc  <£!  fiw  —  Eg  -C  WV}  where  Wv 
is  the  valence  band  width.  In  this  case  ec  can  be  considered  as  independent  of  q , 
so  that  it  is  possible  to  assume  ec  =  Eg  in  Eq.  (1).  Then  for  v  value  we  find 


f  3/2  if  hu-Eg<  Evt 
\  1/2  if  hu-Eg^>  Ev. 


(22) 
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VI.  LIGHT  ABSORPTION  AT  A  ROUGH 
INTERFACE 

the  roughnesses  influence  on  the  interface  absorption  we  should  use  the 
conditions  at  a  rough  interface  which  has  been  obtained  in  Sec.  III. 
the  average  squared  module  of  the  matrix  element  Vvc  in  Eq.  (2)  we 


\vm\*  =  l^lPl2  +  l?~l2  +  ri'JriT  +  vg’v&K 

where  =  (1  +  B„)(l  +  R’c)U2Sn,%t  (23) 

\ViV\i  =  ^W(p,|  -  q„)  |p(l  +  BTC)A°  ~  «(1  +  ’ 

P®  =  4ip, J  A°A"-W(kn  -  q„)  <Pk. 

The  expressions  (23)  allow  to  estimate  influence  of  the  roughness  on  the  value 
and  the  frequency  dependence  of  light  absorption.  Note  that  the  Vj£)  value  is  of 
the  same  form  as  that  for  the  plane  interface  Eq.  (18).  This  value  determines 
an  influence  of  the  shift  of  the  interface  levels  owing  to  the  interface  roughness. 
Expressions  for  and  in  Eqs.  (23)  determine  an  influence  of  the  diffuse 
components  of  the  scattered  waves  on  the  absorption;  the  values  of  these  compo¬ 
nents  are  as  small  as  <7/ A.  On  the  contrary,  this  small  parameter  is  absent  in  the 
expression  for  However,  is  proportional  to  (1  4-  f^)(l  +  R*)'  This  value 
is  small  if  the  interface  electron  levels  are  not  close  to  any  band.  Then  the  values 
of  and  may  be  of  the  same  order  or  even  exceed 

The  correlation  length  l  of  the  rough  interface  is  also  important  for  the  light 
absorption.  If  the  correlation  length  is  small,  l  «  A,  then  the  roughness  influence  is 
determined  by  the  terms  and  In  this  case  enhancement  of  the  absorption 
arises  due  to  an  increase  of  the  number  of  the  interface  atoms  Na  -»  Naaja  in 
vicinity  of  which  the  interband  absorption  with  the  momentum  nonconservation 
occurs.  The  shift  of  the  interface  levels  also  affects  the  absorption. 

In  the  opposite  limit,  /  »  A,  we  can  assume  W(k)  =  <r2<5(k).  It  can  be  shown 

that  | ■piffi+PWV®7 =  0,  i.e.,  |7V|2  =  \Vi'J\2  in  this  case.  It  is  easy  to 
understand  the  reason:  roughnesses,  the  mean  length  of  which  essentially  exceeds 
the  electron  wavelength,  could’t  affect  the  electron  properties  of  the  interface. 

The  interesting  situation  arises  then  /  ~  A.  In  this  case  the  diffuse  scattering 
that  is  described  by  the  term  |'Pic^|2  ~  K2<72/2[2mc||(ftu>  —  Eg))[Pi1J\2  leads  to  the 
change  in  the  frequency  dependence  of  the  absorption,  where  mc\\  is  mean  parallel 
component  of  the  effective  mass.  This  means  the  more  rapid  increase  of  the  ab¬ 
sorption  at  the  low  frequencies  then  2mc^(ftco  —  <  h2,  so  that  the  exponent 

v  changes  its  value  v  — >  v  4*  1. 


To  obtain 
boundary 
When  for 
obtain 
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We  should  emphasize  tree-fold  influence  of  the  interface  roughnesses  on  the 
light  absorption.  First,  they  lead  to  the  effective  increase  of  the  number  of  the 
interface  atoms  in  vicinity  of  which  the  indirect  interband  absorption  occurs.  Sec¬ 
ond,  they  lead  to  the  shift  of  the  interface  levels.  Third,  at  the  rough  interface  not 
only  the  normal-to-the-interface  component  of  the  electron  momentum  but  also  all 
of  it  components  can  be  nonconservative.  This  affects  the  frequency  dependence 
of  the  absorption  when  /  ~  A. 

VII.  DISCUSSION 

We  considered  the  light  absorption  at  the  interface  and  found  that  the  absorption 
value  and  its  frequency  dependence  at  the  fundamental  absorption  edge  are  sen¬ 
sitive  to  the  conditions  at  the  interface.  Namely,  to  the  interface  electron  levels, 
whether  or  not  they  exist  in  vicinity  of  the  bands  extrema.  To  estimate  the  value 
of  interface  absorption,  we  have  to  compare  the  absorption  of  the  microcrystalline 
solid  composed  from  the  crystallites  under  considereation,  a  =  g/L  ~  a/L  (where 
L  is  the  main  size  of  the  crystallite),  with  the  light  absorption  in  the  bulk  semicon¬ 
ductor.  The  small  value  afL  characterizes  the  ratio  of  the  number  of  the  atoms  at 
the  interface  to  the  number  of  atoms  in  the  whole  of  solid. 

In  order  to  the  interface  absorption  becomes  important  in  Ge  and  indirect- 
band-gap  semiconductors  of  AmBy  group  this  small  value  should  exceed  the  small 
parameter  of  electron-phonon  interaction  g  (this  value  is  about  10-3-10-2).  In 
these  semiconductors  the  interface  absorption  essentially  increases  due  to  the  in¬ 
tervalley  conversion,  which  is  determined  by  the  second  term  in  Eq.  (15).  That  is 
possible  if  ajL{Ka)~x  >  g. 

The  main  mechanism  of  light  absorption  in  bulk  Si  is  the  impurity  absorption. 
In  order  to  the  interface  absorption  becomes  significant  in  this  material,  the  number 
of  the  interface  atoms  should  exceed  the  number  of  impurities. 

The  essential  difference  in  the  effective  masses  of  the  valence  and  conduc¬ 
tion  band  also  can  lead  to  the  enhancement  of  light  absorption  in  direct-band-gap 
semiconductors.  It  is  easy  to  understand  the  reason  of  this  enhancement.  The 
interband  absorption  in  the  bulk  semiconductors  happens  due  to  the  direct  elec¬ 
tron  transitions  1-4-2  (Fig.  3).  The  additional  small  parameter  arises  in  direct- 
forbidden-gap  semiconductors  because  the  points  1  and  2  are  close  to  the  bands 
extremums.  Nevertheless,  the  indirect  transitions  3  -4  4  become  possible  at  the 
same  photon  energy  near  the  interface  where  the  normal-to-the-interface  compo¬ 
nent  of  the  electron  momentum  is  not  conservative. 

Such  situation  is  characteristic  for  Ti02-  The  conduction  band  in  this  material 
composed  mainly  of  d  orbitals  of  Ti.  These  orbitals  are  stringly  localized.  For 
this  reason  the  conduction  band  in  Ti02  is  narrow  and  become  even  flat  in  T- 
M  direction.  It  is  important  that  direct  interband  electron  transition  is  dipole- 
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forbidden  in  this  material.  There  is  twofold  advantage  from  indirect  transitions. 
First,  they  are  allowed,  i.e.,  the  dipole  matrix  element  of  the  indirect  transitions 
is  not  small.  Second  advantage  arises  due  to  the  large  density  of  states  for  the 
electron  in  the  conduction  band. 

Let  us  compare  the  interband  transitions  in  the  bulk  of  semiconductor  1  — ►  2 
and  at  the  interface  3  -►  4.  The  absorption  is  proportional  to  the  density  of 
electron  states  in  each  band.  The  density  of  states  in  the  conduction  band  of 
Ti02  essentially  exceeds  that  in  the  valence  band.  Nevertheless,  it  is  the  density 
of  electron  states  in  the  valence  band  which  determines  the  absorption  in  the  bulk 
of  crystal.  This  happens  because  of  the  momentum  conservation  law,  which  makes 
the  electron  states  with  the  large  momentums  inaccessible  for  the  exited  electrons. 
On  the  contrary,  indirect  electron  transitions  make  such  states  accessible. 

Both  advantages  are  not  significant  in  vicinity  of  the  absorption  edge  then  the 
points  2  and  4  are  close,  but  they  become  significant  at  the  larger  photon  energy. 
That  is  the  reason  why  the  rapid  increase  of  the  absorption  takes  place  at  low 
(hu  <  Eg  +  Wc)  photon  energies  (Fig.  4).  The  electron  transitions  to  any  point  of 
the  conduction  band  become  possible  when  ha>  =  Eg  -f  Wc.  Further  enhancement 
of  the  absorption  occurs  only  due  to  an  increase  of  the  electron  density  of  states 
in  the  valence  band.  For  this  reason  the  slope  of  the  ri(hco)  curve  decreases  then 
hu  >  Eg  +  Wc.  Results  of  our  analyzes  confirm  these  qualitative  arguments. 

We  can  use  Eq.  (21)  to  estimate  the  value  of  absorption  coefficient  of  the 
microcrystalline  direct-forbidden-band-gap  semiconductor: 

a  a  /mA2  a  /VF„\2 

a0  L  VmJ  L  VWc/ 

where  a0  is  the  absorption  coefficient  of  the  bulk  monocrystal,  Wc  and  Wv  are  width 
of  the  conduction  and  valence  bands  respectively.  Wc  ~  10  meV  and  Wv  2;  1  eV  [3] 
for  TiC>2.  Thus,  the  interface  mechanism  of  the  absorption  becomes  comparable 
with  the  bulk  one  for  the  microcrystalline  Ti02  the  mean  size  of  the  crystallite  in 
which  h  L  <  a{WvfWc)2  ~  100  nm. 

Large  difference  between  the  effective  masses  of  the  electron  in  the  conduction 
and  heavy  hole  valence  bands  takes  place  also  in  some  other  semiconductors.  To 
estimate  the  interface  absorption  in  this  case,  we  can  use  Eq.  (19).  Then  we  find 

«_  ^  «  fmh\2 
or0  L  \mc) 

In  conclusion,  we  show  that  the  possibility  of  the  momentum  nonconservation 
at  the  interface  can  lead  to  enhancement  of  light  absorption  in  small  crystallites. 
The  effect  increases  at  a  rough  interface  where  the  share  of  the  interface  atoms  is 
larger. 
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1.  The  model  of  the  rough  interface.  Side  view. 
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2.  The  two  ways  of  the  light  absorption  at  the  indirect-band-gap  semiconductor 
interface:  the  immediate  electron  transition  to  the  side  valley  P„  and  the 
vertical  transition  Pc  followed  by  the  conversion  to  the  side  valley  (dotted 
arrow). 


3.  Schematic  band  structure  of  the  crystallite.  Here  Ev  and  Ec  are  the  interface 
levels.  Arrows  indicate  two  ways  that  light  absorption  takes  place:  direct 
electron  transition  1  — >■  2,  and  indirect  3  — >  4  that  occurs  at  the  interface. 
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Eg+E  j  Eg+Wc 


Energy 


4.  Interband  light  absorption  at  the  fundamental  absorption  edge  in  the  crys¬ 
tallite.  The  dotted  line  indicates  the  influence  of  the  interface  roughness. 
Here  E\  =  K2(2mc\\l2)~l . 
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ABSTRACT 

Memories  that  utilize  single  electron  effects  are  an  attempt  at  combining 
the  discreteness  observable  in  transport  of  electrons  on  to  very  small  capac¬ 
itances  (~10‘18  F),  and  into  three-dimensionally  quantum-confined  states 
with  the  reproducibility,  architecture  and  integration  of  the  field-effect 
devices.  We  discuss  the  implications  of  size  and  electrostatics  on  variabil¬ 
ity,  acceptability  and  reproducibility  of  properties  desired;  of  barriers  on 
speed;  and  of  random  variations  and  of  tunneling  on  limits  in  the  use  of  the 
field-effect.  We  show  that  in  silicon-on-insulator  based  structures  silicon 
and  back-insulator  thicknesses  matter  through  the  linear  variations  intro¬ 
duced  in  the  electrostatic  potential  and  quadratic  variations  introduced  in 
the  sub-bands,  the  quantum-dots  and  nano-crystals  matter  secondarily 
through  the  electrostatics  and  the  linear  dependence  of  capacitance  on  size 
and  the  quadratic  dependence  of  the  allowed  eigen-energies  on  size.  We 
also  discuss  the  implications  of  tunneling  on  time  constants  of  charging  of 
the  confined  states  and  in  between  the  source  and  the  drain  for  the  ultimate 
structure  size  limit.  We  end  with  a  discussion  of  limits  to  usefulness  of  dis¬ 
crete  numbers  of  electrons  in  the  context  of  variability  that  they  endanger. 


INTRODUCTION 

For  field-effect  devices,  one  of  the  most  significant  effects  of  scaling  of  critical 
dimensions  to  the  ~10  nm  range  is  a  reduction  in  collective  effects  whose  reproducibil¬ 
ity  has  been  so  profitably  applied  over  the  last  many  decades.  Examples  of  such 
collective  phenomena  are  the  number  of  electrons  flowing  through  the  channel,  the 
number  of  electrons  transferred  during  a  CMOS  switching  event,  and  the  number  of 
dopants  used  to  control  the  threshold  voltage.  A  larger  number  of  electrons  flowing  in 
the  channel  leads  to  smaller  fluctuations  in  the  current,  a  larger  number  of  electrons 
transferred  during  switching  leads  to  smaller  fluctuations  in  the  switching  voltage  lev¬ 
els,  and  a  larger  number  of  dopants  leads  to  smaller  fluctuations  in  the  threshold 
voltage.  The  scaling  of  device  dimensions  has  been  driven  by  higher  function  and 
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lower  cost  gained  from  an  increase  of  device  density  and  performance,  a  lowering  of  power 
density,  and  mixing  of  logic  and  memory  technologies.  Logic  and  memory  have  to  co-exist 
at  such  small  dimensions,  and  the  various  forms  of  memories  have  to  be  capable  of  provid¬ 
ing  a  range  of  performance  from  high  speed  to  low  power  and  non-volatility. 

Nano-crystal  and  Quantum-dot  memories  [1-3],  examples  of  flash  memories,  are  small 
dimension  structures  that  utilize  quantum-dot(s)  between  the  gate  and  the  channel  of  a 
field-effect  transistor  to  store  small  numbers  of  electrons,  which  screen  the  mobile  charge 
in  the  channel  and  thus  induce  a  change  in  the  threshold-voltage  or  conductivity  of  the 
channel.  These  quantum-dots  are  transmissively  coupled  to  the  channel  and  isolated  from 
the  gate.  Their  reduced  dimension  and  confinement  brings  forth  two  important  features  that 
are  absent  in  the  conventional  silicon  field-effect  transistors  and  floating  gate  memories:  a 
reduced  density  of  states  which  restricts  the  states  available  for  electrons  and  holes  to  tun¬ 
nel  to  and  from,  and  the  Coulomb  blockade  effect,  arising  from  a  larger  electrostatic  energy 
associated  with  placing  a  charged  particle  onto  a  smaller  capacitance.  The  consequence  of 
these  two  effects  is  a  reduction  of  the  number  of  charged  carriers  used  in  the  operation  of 
the  device  -  a  reduction  in  the  “collective  phenomena.”  These  effects  -  in  size  and  transmis¬ 
sion  -  need  to  be  harnessed  even  as  we  control  the  consequences  of  semi-classical  effects  - 
of  electrostatics  resulting  from  dopants  and  barriers,  of  density  of  states,  and  of  single  elec¬ 
tron  charging  energy.  Does  this  lead  to  a  decrease  in  noise  margin  or  other  significant 
consequences  which  make  these  devices  impractical? 

We  discuss  the  properties  of  this  reduced  dimension  system  and  will  focus  on  three 
aspects.  The  first  will  be  a  description  of  the  capacitances  of  such  structures,  while  includ¬ 
ing  the  quantum-effects,  and  we  will  deduce  their  influence  on  the  operation.  The  second 
will  be  life-time  in  the  storage  quantum-dot  and  the  writing  and  erasing  of  such  structures 
modeled  using  a  rate  equation  derived  from  the  equation  of  motion  of  the  density  matrix. 
This  gives  a  reasonable  description  of  the  coupling  between  the  three-dimensionally  con¬ 
fined  quantum-dot  and  one-dimensionally  confined  inversion  layer  (the  writing  process)  or 
the  unconfined  system  (the  erasure  process)  and  elucidates  the  role  of  barriers  and  the  size 
of  the  quantum-dot.  We  will  also  derive  from  this  the  fluctuations  in  charge,  threshold  volt¬ 
age  shifts,  and  hence  the  noise  to  be  expected  during  operation.  The  third  will  be  the  role 
of  random  defects  at  small  dimensions  and  their  influence  on  the  variance  in  threshold  volt¬ 
age  of  the  devices.  For  nano-crystal  memories,  we  will  also  relate  the  storage  of  electrons 
to  the  percolation  transport  in  the  silicon  channel. 

I.  STRUCTURE  AND  OPERATION 

In  constructing  single  electron  effect  sensitive  devices,  such  as  the  quantum-dot  and 
nano-crystal  memories  which  couple  single  electron  and  quantum  effects  to  the  field- 
effect,  we  must  solve  a  number  of  the  same  practical  problems  that  CMOS  has  to  solve. 
Also,  because  they  use  an  overlapping  and  common  technology  with  CMOS,  it  is  realistic 
to  expect  that  these  single  electron  devices  will  also  help  in  the  progress  of  CMOS  through 
simplification  in  technology  and  lowering  of  power  -  attributes  that  are  useful  for  systems 
on  a  chip.  Nano-crystal  and  quantum-dot  memories  are  floating  gate  memory  structures 
where  the  dimension  of  the  storage  node  has  been  scaled  to  very  small  dimensions.  Fig.  1 
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and  2  show  example  cross-sections  of  these  structures  together  with  the  voltage  dependent 
quasi-stable  hysteresis  effect.  When  the  gate  energy  is  lowered  w.r.t.  that  of  the  source  and 
the  drain,  electrons  transfer  to  the  floating  gate  storage  nodes.  For  nano-crystal  memories, 
these  are  small  single-crystal  silicon  islands  (nano-crystals  of  an  areal  density  in  the  1011 
cm'2  range)  that  are  deposited  by  chemical  vapor  deposition  on  the  tunneling  oxide.  For  the 
quantum-dot  memory,  this  is  a  poly-crystalline  island  patterned  at  the  intersection  of  the 
gate  and  the  channel  line. 

Electrons  stored  on  the  island  screen  the  charge  in  the  channel  and  hence  lead  to  less 
channel  charge  for  the  same  applied  gate-to-channel  potential.  This  is  effectively  a  change 
in  the  threshold  voltage  as  seen  in  the  Figures  1  and  2.  The  biggest  implication  of  the  scal¬ 
ing  of  the  floating  gate  region  is  that  the  number  of  electrons  used  in  the  device  structure 
are  discrete  and  small.  But,  this  discreteness,  or  quantization,  is  not  used  directly  in  the 
device  operation.  Instead,  it  is  coupled  to  the  channel  of  the  device.  That  is,  these  electrons 
trapped  on  the  islands  influence  the  conduction  of  a  channel  underneath  them,  and  thus  the 
conduction  of  the  channel  is  a  measure  of  the  storage  of  the  electrons.  Barriers,  used  for 
storage  of  the  electrons  are  thus  important  to  the  write,  erase,  and  the  refresh  conditions. 
But,  reading  of  the  device,  and  the  amount  of  signal  delivered  by  the  device,  are  related  to 
field-effect.  The  limits  of  the  device  operation  are  due  to  field-effect.  The  single  electron, 
or  the  quantum  effects,  provide  a  perturbation  to  it  that  are  detected  through  the  influence 
of  immobile  charge  on  mobile  charge.  The  device  behaves  as  a  gain  cell. 

For  a  nano-crystal  density  of  of  size  a  tunneling  injection  oxide  of  tinp  a  con¬ 
trol  oxide  of  tcntp  and  v  average  number  of  electrons  per  nano-crystal,  the  threshold- 


voltage  is  approximately  given  by: 

AVT  = 


e\n 


nxt 


ox 


t  +1  fs*, 

fcntl  2e  *nxt 
At,nxt  ) 


The  spacing  between  the  nano-crystals  should  be  less  than  the  screening  length  in  order 
to  minimize  percolative  transport  in  the  channel  underneath.  Fig.  1  shows,  at  low  currents, 
evidence  of  this  percolation.  The  oxide  in  between  the  nano-crystals  is  kept  large  enough 
to  suppress  transport  directly  between  the  nano-crystals  since  leakage  and  subsequent  loss 
to  source  and  drain  regions  is  one  of  the  major  methods  for  loss  of  charge  in  floating  gate 
structures.  The  control  oxide  is  designed  to  be  thick  enough  (7-15  nm)  so  that  the  only  path 
for  electron  transport  to  and  from  the  nano-crystals  is  from  the  silicon  underneath  -  inver¬ 
sion  channel  region  during  injection  and  depletion  region  during  ejection.  The  barrier 
height  of  Si/Si02  interface  is  large  (-3.15  eV).  Oxide  thicknesses  in  the  1-10  nm  range 
controls  the  transmission  efficiency  over  nearly  20  decades.  This  allows  the  memories  to 
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be  made  volatile  and  high  speed  (small  injection  oxide  thickness)  to  non-volatile  and 
slower  speed. 


§  1  ContifdlOxW^'V'  J.-Jl*  r&i"*" 

MMHl 


Gate 


""  hi 


nano-crystals  j  tcntl 

ISource  S,liconDrar 


Fig.  It  A  cross-section  of  nano-ciystal  memory.  Three  nanocrystals  shaped  as  hemi-spherical  bubbles, 
separated  from  each  other  are  shown  together  with  the  control  gate  and  control  and  injection  SiC>2  • 

A  more  detailed  view  of  one  of  the  single-crystal  quantum-dot  is  shown  on  the  bottom  together 
with  the  drain  current  -  gate  voltage  hysterisis  loop. 


Fig.  2:  A  cross-section  of  quantum-dot  memory.  The  storage  dot  is  spaced  apart  from  the  control  gate  by  a 
control  oxide  that  is  thick  enough  to  make  tunneling  transmission  negligible  for  typical  bias  voltages  and  is 
separated  from  the  channel  by  the  tunneling  oxide  that  permits  transmission. 
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Table  1  summarizes  a  number  of  characteristics  for  the  poly-silicon/control  oxide/sili- 


TABLE 1.  Spherical  charge  in  S102  gate  stack  with  a  7  nm  gate  control  oxide. 


Diameter 

(nm) 

Cz(aF) 

Ec(eV) 

Ccnti  m 

E0(eV) 

Single 
electron  VT 
shift  (V) 

30 

6.68 

0.011 

5.27 

-0.003 

0.03 

20 

4.45 

0.018 

2.57 

0.007 

0.062 

10 

2.23 

0.036 

0.71 

0.03 

0.225 

5 

1.11 

0.072 

0.19 

0.104 

0.84 

3 

0.68 

0.118 

0.069 

0.29 

2.31 

2 

0.45 

0.178 

0.031 

0.65 

>5 

1 

0.22 

0.364 

0.008 

2.6 

>10 

con  island/injection  oxide/silicon  gate  stack.  This  is  an  approximate  calculation  meant  to 
point  out  the  main  characteristics  of  the  system.  The  capacitance  is  the  self-capacitance  of 
the  silicon  dot  used  in  the  calculation  of  the  charging  energy.  These  vary  linearly  (for 
capacitance)  and  inverse  linearly  (for  energy)  with  dimension.  The  quantization  effect  of 
confinement  varies  as  the  inverse  square  of  the  dimension.  At  dimensions  below  10  nm,  the 
capacitance  is  small  enough  that  it  requires  energy  of  the  order  of  room  temperature  ther¬ 
mal  energy  to  place  an  electron  on  the  silicon  island.  As  the  dimension  decreases  further, 
the  eigen-energy  of  the  confined  states  allowed  become  larger  than  the  single  electron  elec¬ 
trostatic  charging  energy.  When  a  single  electron  is  stored  on  the  island,  it  causes  the 
channel  threshold  voltage  to  shift  by  a  magnitude  that  is  inversely  controlled  by  the  capac¬ 
itance  Ccnti .  The  shift  should  not  exceed  the  operating  voltages  of  the  structure.  Thus, 
dimensions  of  between  10  nm  and  3  nm  are  usable  and  provide  a  substantial  and  observable 
effect.  Yano  et  al.  [4]  and  Nakazato  et  al.  [5]  describe  other  very  interesting  examples  of 
the  use  of  this  large  influence  in  a  small  dimension. 

H.  SMALL  DIMENSION  EFFECTS 


Single  Electron  Effects : 

Neugebauer  and  Web[6]  recognized  nearly  four  decades  ago  that,  when  a  capacitance 
is  reduced,  the  electrostatic  energy  required  to  charge  the  capacitance  ( e2/2C)  can  be  made 
to  be  of  the  order  of  magnitude  of  thermal  voltage  at  dimensions  in  the  10  nm  range  which 
result  in  a  capacitance  in  the  aF  (lO’1^  F)  range.  This  implies  that  discrete  single  electron 
transmission  or  storage  events  can  be  observed,  and  unless  the  electrostatic  energy  is  avail¬ 
able  to  the  electron  from  the  power  supply,  the  transition  is  prohibited.  This  is  known  as 
Coulomb  blockade.  Fulton  and  Dolan[7],  in  1987,  demonstrated  the  first  single  electron 
transistor,  and  in  recent  times,  there  has  been  tremendous  interest  in  understanding  of  this 
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mesoscopic  system  [8].  Here,  we  will  summarize  some  the  necessary  conditions  for  obser¬ 
vation  of  the  single-electron  events  [9]  in  order  to  connect  them  to  the  properties  of  the 
small  silicon  memories.  For  the  single  electron  events  to  be  clearly  observable,  a  number 
of  requirements  must  be  met.  The  state  that  the  electron  occupies  on  the  particle  is  con¬ 
fined,  and  for  the  event  to  be  observable,  the  change  in  system  energy  upon  transmission 
of  an  electron,  is  larger  than  thermal  energy.  The  uncertainty  principle  tells  us  that  the 
width  of  the  eigen-state  is  A E *  h/ 2kx  ,  where  x  =  1/Y  is  the  lifetime  (related  inversely 
with  the  tunneling  rate).  The  change  in  system  energy  (AC /  =  QV  -el  RTt  where  Q  is  the 
charge,  V  is  the  voltage,  /  is  the  current  (eT)»  and  Rj  is  the  tunnel  resistance),  upon  transi¬ 
tion  of  an  electron,  is  A U  =  e2  F  Rj.  The  energy  width  of  the  eigenstate  is,  therefore  A E  = 
h/2nT-  h/2n  A U/fe2  RT).  A  clear  observation  of  Coulomb  blockade  requires  A U  »  A E 
which  is  the  condition 

RT»(h/f-  =  4.im 
e 

Note  that  this  resistance  is  different  from  that  of  quantum  resistance,  usually  alluded  to 
in  superconducting  tunneling  of  Cooper  pairs,  of  Rq  —  h/4e2 y  which  has  the  magnitude  of 
6.4  k Cl.  So,  the  first  condition  is  that  the  resistance  of  the  barrier  be  larger  than  4. 1  k£l.  The 
second  condition  is  that  the  energy  ( e2/2C )  be  larger  than  kT.  The  overriding  time-constant 
for  the  transmission  of  this  electron  is  an  RC  time  constant,  which  is  greater  than  100  fs. 
This  time  constant  dominates  since  it  is  larger  than  the  time  constant  from  uncertainty  prin¬ 
ciple,  i.e.  of  the  certainty  of  observation,  of  h/( e2/2C),  which  is  of  the  order  of  10  fs,  as  well 
as  of  the  transmission  of  a  wave  packet  through  the  barrier,  of  h/2n  d(ln(T(E))/dE  at  E-Ep 
which  is  very  small.  This  large  time  constant  also  implies  that  a  small  current  flows  (1  elec¬ 
tron/100  fs  is  ~  1.6  gA;  in  experiments  typically  a  nA)  during  the  electron  transmission. 
Coupling  the  effect  of  stored  electrons  to  field-effect  of  a  transistor  allows  a  larger  current 
because  carriers  are  more  mobile  in  the  barrier-free  channel. 

Now,  let  us  consider  a  small  particle  which  has  these  requisite  properties.  Fig.  3  shows 
the  transfer  process  of  electron  onto  an  island  with  a  large  density  of  states,  such  as  a  metal. 
For  the  moment,  we  assume  that  there  is  no  spurious  charge  (electrically  neutral;  no 
trapped  electron  at  interfaces  or  in  the  bulk)  and  hence  electric  field  terminations  occur 
only  between  the  island  and  the  electrodes,  when  a  power  supply  is  connected  at  the  elec¬ 
trodes.  Because  only  discrete  tunneling  events  are  allowed  for  the  flow  of  charge  and  hence 
the  change  in  electrochemical  potential,  the  electrochemical  potential  of  the  particle  -  a 
nano-crystal  -  follows  the  inequality  pnjcr/<e2/(2Cx),  where  C2  is  the  total  capacitance 
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between  the  particle  and  its  surroundings.  This  is  equivalent  to  having  polarization  charge. 


Fig.  3:  Schematic  of  the  transfer  process  of  an  electron  upon  application  of  a  bias  voltage  V  between  two 
electrodes  that  the  particle  is  confined  in  between.  Both  diagrams  show  Coulomb  blockade  condition, 
one  in  the  absence  of  offset  charge  and  another  in  the  presence  of  offset  charge.  The  capacitances 
of  the  two  junctions  are  identified  by  the  subscript  1  and  2. 


or  an  offset  charge  of 


Consider  first  the  situation  where  the  offset  charge  is  zero,  and  Cj  and  C2  are  the  cou¬ 
pling  capacitances.  The  Coulomb  charging  energy  of  Ec  is  accounted  for  in  the  energy 
diagram  by  raising  the  energy  of  the  unoccupied  states  by  Ec.  Tunneling  to  the  particle 
occurs  when  the  energy  of  states  in  the  lead  align  with  the  Ec  -shifted  unoccupied  states  of 
the  particle.  Tunneling  from  the  occupied  states  of  the  particle  also  occur  with  a  change  in 
energy  of  Ec;  the  energy  diagram  accounts  for  this  by  shifting  the  energy  of  occupied  states 
by  Ec.  So,  a  barrier  Ec  exists  for  flow  of  an  electron  whether  it  is  on  to  the  particle  or  off 
the  particle.  For  the  moment  we  assume  that  there  is  no  spurious  charge  (electrically  neu¬ 
tral;  no  trapped  charge  at  interfaces  or  in  the  bulk)  and  hence  electric  field  terminations  are 
only  between  the  island  and  the  electrodes,  when  a  power  supply  is  connected  at  the  elec- 
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trades.  Under  favorable  conditions,  an  electron  tunnels  from  the  left  onto  the  particle  with 
the  expenditure  of  energy  Ec  by  the  power  supply.  The  number  of  electrons  in  the  occupied 
states  has  now  increased  by  one  and  the  electrochemical  potential  of  the  particle  (aligned 
with  the  first  electrode)  is  higher  than  the  second  electrode.  Tunneling  can  now  occur  off 
the  island  to  the  second  electrode  because  it  is  energetically  favorable,  and  the  system 
returns  back  to  its  initial  state.  Similar  arguments  hold  when  the  first  tunneling  event  is 
from  the  particle  to  the  second  electrode.  In  this  case,  the  first  tunneling  event  occurs  upon 
alignment  of  the  energies  between  the  particle  and  the  second  electrode.  This  leads  to  the 
lowering  of  the  energy  of  the  particle,  and  now  empty  states  are  available  for  tunneling 
from  the  first  electrode.  In  both  cases  the  Coulomb  blockade  energy  is  still  The 

presence  of  offset  charge  makes  the  condition  of  transmission  asymmetric,  one  example  of 
which  is  shown  in  Fig.  3. 

This  offset  charge  represents  the  polarization  of  the  particle  due  to  electric  fields  termi¬ 
nated  on  the  small  quantum-dot.  The  electrochemical  potential  difference,  at  zero  bias,  is 
equivalent  to  a  polarization  charge,  or  an  offset  charge  of 


This  offset  may  be  intentional,  such  as  from  an  electric  field  due  to  a  gate  nearby  whose 
potential  can  be  varied  as  in  a  single  electron  transistor,  or  it  may  be  due  to  unintentional 
causes,  such  as  an  electron  trapped  on  a  defect  or  an  interface  state  in  the  enclosing  matrix 
of  barrier.  In  the  event  of  transfer  of  an  electron  from  the  reservoir  on  to  the  island  under 
application  of  a  bias  V  and  in  the  presence  of  a  polarization  charge  Qofs,  the  change  in 
energy,  for  Cj »  C2,  is 

=  ie  +  Q°fs)  Q°f*-  =  -£_(i  +2^Sk 

2  C2  2  C2  2  C2V  e 
i.e.,  if  the  offset  charge  is  -e/2,  conduction  is  allowed.  And,  the  largest  Coulomb  block¬ 
ade  occurs  for  e/2,  and  is  e/C2.  The  offset  can  appear  due  to  polarization  induced  by  a  gate. 
Thus,  under  gate  modulation,  it  is  possible  to  have  a  condition  where  there  is  no  blockade, 
so  the  conduction  can  be  modulated  from  off  (blockade)  to  on  condition.  In  the  first  single 
electron  transistor  work  of  Fulton  and  Dolan  [7],  performed  on  aluminum  junctions,  both 
the  existence  of  this  offset  charge  and  the  tunability  of  this  conduction  was  demonstrated. 
Likharev  [10]  provides  a  very  complete  description  of  the  transport  properties  of  the  sys¬ 
tem.  A  more  complete  calculation  of  these  capacitances  using  a  self-consistent  solution  of 
the  Poisson  and  the  Schrodinger  equation  in  the  Hartree  approximation  and  ignoring  the 
exchange  and  correlation  effects,  can  be  performed  using  techniques  such  as  that  described 
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in  [11].  It  thus  includes  the  quantization  effects.  Fig.  4  shows  e.g.  the  conduction  band- 


Fig.  4:  Normalized  overlap  function  together  with  conduction  band  edge  for  a  cross-section  through  the 
gate  stack  of  a  nano-crystal  memory.  The  magnitudes  are  intensity  modulated. 

edge  and  the  envelope  function  for  an  example  case  of  the  nano-crystal  memory  containing 
three  nano-crystals.  The  coupling  capacitance  to  the  channel  is  found  to  be  significantly 
larger,  with  additional  coupling  to  the  other  nano-crystals  in  the  vicinity  and,  in  particular, 
for  the  end  nano-crystals  there  is  stronger  coupling  to  the  source  and  drain  reservoirs.  The 
latter  is  not  surprising;  it  is  one  of  the  major  mechanisms  for  leakage  of  charge  in  floating 
gate  memories.  While  these  results  are  secondarily  geometry  specific  (e.g.,  box,  sphere, 
and  hemisphere  shapes)  because  of  the  different  degree  of  confinement,  the  estimates  of 
capacitance  described  before  (self-capacitance)  are  within  20%  of  the  more  sophisticated 
calculations.  The  coupling  capacitances  to  the  channel  and  source  and  drain  regions,  there¬ 
fore,  have  a  stronger  influence  on  the  characteristics. 

Confinement  and  Random  Effects  in  Semiconductors: 

Single  charge  tunneling,  limited  by  the  electrostatic  energy  argument  of  above,  shows 
up  best  in  metal  systems,  where  the  density  of  states  is  enormous  and  hence  confinement 
does  not  place  severe  restrictions  on  the  states  occupied  by  the  electron  in  the  island.  In 
practice,  we  work  with  semiconductor  systems,  where  the  density  of  states  is  many  orders 
of  magnitude  lower.  A  consequence  of  this  is  an  additional  energy  conservation  term 
related  to  the  energy  of  the  confined  state  occupied  by  the  electron.  Hence  the  arguments 
of  the  required  bias  are  modified  by  the  subband  energy  term.  It  increases  the  energy 
requirement  by  E0  for  transit  of  one  electron. 
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Interface  states  are  a  major  source  of  the  offset  charge  in  these  floating-gate  structure. 
If  we  assume  that  surface  states  on  the  nano-crystals  are  the  largest  source  of  the  offset 
charge,  for  a  cubic  quantum-dot,  the  mean  threshold  voltage  and  the  standard  deviation  of 


&VT  =  e  (  *cntl  *  o  e  tdot)A  2 
eoA  2£Si  Mtl 


1  V 
dot 


,0.5 


the  threshold-voltage  are: 

®(^r)  =  7~{tcnti  +  2^tdo‘)~t 

eoA  Z£Si  '*dot 

where  NnT  is  the  interface  state  density.  For  oxide/silicon  interfaces  with  thermally 

grown  oxides  the  interface  trap  density  is  typically  ~5xl010  cm^eV'1  or  less.  For  compar¬ 
ison,  the  effect  of  random  dopants  is  given  by  [12]: 
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where  id  is  the  depletion  region  of  the  retrograde  implant  and  zuiuj0p  is  the  lightly  doped 
region  width.  Fig.  5  compares  the  fluctuation  effect  due  to  defects,  random  dopants  and  the 


Dot/Devtce  Siz«  (  nm  ) 

Fig.  5:  The  threshold  voltage  and  its  standard  deviation  as  a  function  of  quantum-dot  size  for  a  quantum- 
dot  memory.  For  comparison  the  expectation  from  acceptor  fluctuations  is  also  included. 


V-p  shift  to  be  obtained  from  a  single  electron.  As  dimensions  decrease,  the  magnitude  of 
the  variations  increases. 

Comparison  of  Magnitudes: 
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Stray  charge  has  already  been  seen  to  have  a  significant  effect  on  the  characteristics. 
Since  the  charging  energy  varies  inversely  with  capacitance  the  charging  energy  varies  lin¬ 
early  with  dimensional  variance,  i.e., 


AE 


A L 
L 


Relative  dimensional  tolerance  are  similar  to  the  relative  voltage  tolerances  if  the  effect 
is  an  intrinsic  part  of  device  operation.  Current,  (eT).  is  more  severely  affected  by  the 
dimensions  and  energy  of  the  confining  barrier  due  to  the  exponential  dependence  of  quan¬ 
tum  tunneling  on  the  barrier  height.  Subband  energies  vary  as  inverse  square  of  the 
dimensions.  Thus  the  relative  variation  of  the  energy  dependence  is 

A£0  2\L 

E0  -  L 

a  requirement  nearly  twice  as  strong  as  due  to  the  Coulomb  effects.  This  places  a  stron¬ 
ger  constraint  on  devices  structures  when  dimensions  are  below  ~  7  nm. 

The  variance  in  threshold  voltage  of  bulk  MOSFETs  increases  with  decreasing  dimen¬ 
sions  partly  because  of  the  random  (Poisson)  distribution  of  dopants  and  the  limited 
number  of  dopants  used  to  achieve  the  threshold  voltage.  A  plausible  solution  to  this  is 
elimination  of  dopants,  such  as  in  double-gate[13]  and  back-plane  structures!  14].  In  the 
former,  the  electrostatics  of  the  structure,  through  control  of  silicon  channel  thickness, 
allows  for  a  normally  off  device  whose  threshold  voltage  is  determined  by  the  material 
parameters.  This  threshold  voltage  can  not  be  made  very  high.  In  the  latter,  a  back-gate  is 
used  and  provides  the  back-barrier  and  controls  the  threshold  voltage  through  an  applied 
potential.  In  either  case,  the  contribution  of  channel  random  doping  is  eliminated.  But  now, 
the  variance  in  threshold  voltage  is  determined  by  the  lateral  distribution  of  the  dopants  in 
the  shallow  contact  regions,  and  can  be  interpreted  as  an  effective  channel  length  variation 
across  the  width  of  the  device.  Theoretically,  such  a  variance  is  in  the  1-5  mV  range  for  25 
nm  junction  spacing,  instead  of  the  retrograde  channel  doping  contribution  of  the  order  of 
20-40  mV.  Instead  of  channel  doping,  in  the  back-plane  geometry  (and  with  some  modifi¬ 
cations  in  the  double-gate  geometry),  the  thickness  variations  of  silicon,  through  the  linear 
electrostatic  potential  change  (y-f  instead  of  y-r2  for  doped  channels),  now  contributes  to 
threshold  voltage  variation.  Current  SOI  structures  have  a  thickness  variance  of  ~0.4  nm 
over  10  pm2  areas.  Assuming  that  this  can  be  improved  to  0.3  nm,  a  10  mV  threshold  volt¬ 
age  variance  leads  to  a  limit  in  usable  silicon  thickness  of  >  10  nm.  Confinement  introduces 
an  inverse  square  dependence  on  the  subband  energy.  This  is  worse  than  the  linear  electro- 
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static  potential  dependence.  Fig.  6  shows  the  variation  of  this  energy  as  a  function  of  the 


Fig.  6:  Subband  minimum  energy  as  a  function  of  the  silicon  thickness  of  an  SOI  structure. 


thickness  of  the  silicon  channel.  Below  5  nm  in  thickness,  the  subband  energies  change 
very  rapidly. 

Tunneling: 

Tunneling  in  Oxide:  At  small  dimensions,  two  regions  of  tunneling  are  important: 
oxide  tunneling  (injection  and  control  oxides)  which  determines  the  competing  balance 
between  injection  and  ejection,  and  between  source  and  drain  which  determines  the  small¬ 
est  limit  of  the  device.  Fig.  7  shows  a  cross-section  of  thin  gate  oxide  and  calculated 


Fig.  7:  A  cross-section  of  a  thin  gate  oxide  and  the  calculated  gate  tunneling  current  from  accumulation 
regions  and  inversion  region. 


tunneling  current  [15].  As  oxide  thickness  decreases,  a  large  current  density  can  be 
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obtained  through  thin  barriers.  Indeed,  a  0.15  nm  change  in  oxide  thickness  leads  to  a  cur¬ 
rent  density  change  by  a  factor  of  10.  Note  that  a  larger  roughness  arises  from  the  top  poly¬ 
silicon  gate/Si02  interface  while  the  bottom  surface  is  nearly  atomically  smooth.  Random 
effects  should  be  expected  from  the  random  gate  control  capacitance  and  dopant  activation 
in  this  poly-silicon/oxide  region. 

Tunneling  in  Silicon:  With  a  bandgap  of  1.1  eV  and  a  low  transverse  effective  mass 
(0.19  mQ,  Bohr  radius~3-4  nm),  tunneling  between  the  source/drain  regions  and  the  sub¬ 
strate,  and  from  the  source  to  the  drain,  becomes  significant  when  the  distance  scales  are 
-10  nm.  For  bulk  nMOSFET  structures,  inter-band  tunneling  appears  when  acceptor  dop¬ 
ing  in  channel  or  halo-doped  regions  approaches  2xl019  cm'3.  This  tunneling  occurs  at  the 
source  junction  and  at  the  reverse-biased  drain-substrate  junction,  and  is  a  stand-by  power 
constraint  similar  in  nature  to  that  from  oxide  thickness.  In  thin  silicon  structures,  inter- 
band  tunneling  (conduction  to  valence  band  and  back)  is  avoided  if  the  threshold  voltage 
of  the  device  allows  VD+(V(yVT)<Eg/e,  a  condition  that  prevents  tunneling  at  the  drain 
end,  and  is  equivalent  to  the  threshold  voltage  not  exceeding  -0.55  eV  for  0.5  V  drain  bias. 
This  threshold  voltage  is  consistent  with  requirements  of  low  sub-threshold  leakage  cur¬ 
rents  for  designs  with  good  sub-threshold  swing.  So,  intra-band  tunneling  between  source 
and  drain  through  the  channel  barrier  is  a  fundamental  constraint  for  adequate  field-effect 
operation  and  needs  to  be  satisfied  in  the  quantum-dot  memory.  Fig.  8  shows  tunneling 


Fig.  8:  Model  tunneling  current  calculation  between  source  and  drain  for  a  gate  bias  causing  0.8  eV 
barrier.  Largest  tunneling  occurs  from  the  low  transverse  mass  valleys. 


current  between  source  and  drain,  for  a  5  nm  thick  sliver  of  silicon  (junctions  box  doped 
5xl018  cm'3  and  10  nm  apart)  for  a  quasi-two-dimensional  self-consistent  Schrodinger- 
Poisson  calculation.  The  longitudinal  masses  of  the  doubly  degenerate  ellipsoids  form  the 
lowest  energy  ladder  with  the  smaller  transverse  mass  available  for  tunneling.  The  4-fold 
degenerate  in-plane  ellipsoids  cause  tunneling  through  the  longitudinal  mass.  Tunneling 
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from  the  doubly-degenerate  states  dominates.  This  tunneling  current,  between  source  and 
drain,  establishes  a  fundamental  constraint  of  10  nm  for  channel  length,  where  the  field- 
effect  is  not  subsumed  by  tunnel  effect,  and  is  a  practical  constraint  at  which  the  stand-by 
current  caused  by  tunneling  leads  to  too  high  a  stand-by  power  drain  during  chip  operation. 
Geometries  such  as  the  straddle-gate  structure  can  satisfy  this  constraint  while  allowing  for 
a  small  enough  quantum-dot. 

QUANTUM  KINETIC  MODELING 

Details  of  the  modeling  of  the  charging  and  discharging  process  are  given  else- 
where[16];  here  we  summarize  only  the  salient  steps  of  this  modeling,  and  then  discuss  the 
implications.  The  Hamiltonian  for  the  coupled  system  consisting  of  the  channel  region  (in 
inversion:  two-dimensional  electron  gas)  coupled  to  the  quantum-dot  is: 

H  =  H2  deg  +  Hqd  +  HT  or  "  =  *0  +  "r 

with  «0mH2ieg*H,d 

and 

Hldeg  ’  S(e»+eV)‘’»tfl« 

n 


m 

where  E/v)  is  the  electrostatic  energy  and  m' s  and  n’s  identify  the  quantum-dot  and  the 
channel  states. 

hTs  HTnmaJbm*cc 
n,  m 

The  state  of  the  system  is  I n„,nm>,  where  nn  and  nm  represent  the  occupation  number  in 
the  channel  and  the  quantum-dot.  It  is  useful  to  write  time  evolution  of  the  density  matrix 
in  the  Heisenberg  representation: 

-  [">««>] 

which  yields  the  equation  of  motion  in  interaction  representation: 

JjfyO  =  +  {‘jf  Pl^de 
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and  which  can  be  formulated  as  the  Rate/Master  equation: 


£/»(»)- w  •P(t) 


To  calculate  the  time-dependence  of  the  charging  and  discharging,  we  first  calculate 
self-consistently  for  all  eigenstates  in  the  channel  for  a  given  number  of  electrons  stored  in 
the  quantum-dot  for  all  gate  voltages,  repeat  it  for  the  different  number  of  electrons 
allowed,  determine  the  transition  rates,  and  then  determine  the  time-dependence  from  the 
rate  equations.  Probability  of  quantum-dot  occupation  number  [nm]  is: 


/>({%»«)  - 

and  probability  of  having  v  electrons  in  the  quantum-dot  =  v  with  transition 
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rates  determined  using  the  coupling  constants  and  the  occupation  statistics.  The  average 


=  <v>  =  X 


v  =  0 


(  v0 


®V  *  <vV<V>2  -  £  V2p2-  £  vpv 


v  =  0  u  =  0 

and  variance  of  electrons  is: 

This  now  gives  us  the  information  from  which  many  of  the  parameters  of  interest  can 
be  calculated. 


Carrier  Statistics  and  Charge  Fluctuations: 

From  the  master  equation,  the  stationary  solution  follows  from: 

W  •/»(/)  =  0 

where  the  transition  matrix  W  is  of  dimensions  x  where  is  the  number 

of  electrons  in  the  quantum-dot  set  for  computational  tractability,  and  the  vector  P(t)  = 
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[p0(t),  pj(t),  p2(t), ...  PvmJO]  is  the  probability  of  having  0, 1,  2, ...  electrons  in  the 
quantum-dot. 

This  now  allows  determination  of  the  time-dependence,  relate  to  the  classical  expres¬ 
sions  for  current,  threshold  voltage,  and  also  derive  the  spectrum  for  single  quantum-dot. 
Fig.  9  shows  an  evolution  of  electrons  in  a  dot  due  to  injection  from  inversion  layer  under 


Fig.  9:  The  evolution  of  the  mean  number  of  electrons  in  a  silicon  quantum-dot  (10  nm  x  J?  ^  nm) 
from  an  inversion  layer  due  to  direct  tunneling  from  an  injection  oxide  of  1.5  nm  at  three  different  gate- 
to-inversion  layer  potentials.  The  evolution  during  ejection  is  shown  on  the  right 


three  different  bias  conditions.  At  the  2  V  bias  condition,  it  takes  nearly  100  ns  before  the 
average  reaches  one  electron.  The  transition  rates  are  too  low  because  of  the  large  oxide 
barrier  height  and  small  overlap.  But,  it  changes  rapidly  with  bias  so  that  less  than  10  ns  is 
needed  at  4  V  bias.  The  saturation  in  number  of  electrons  between  100’s  of  ns  to  10’s  of  gs 
for  the  differing  bias  voltages  represents  the  effect  of  reduced  dimensions.  As  the  charging 
process  nears  flat-band  conditions,  the  injection  process  begins  to  slow  down  for  the  same 
reasons  that  slow  the  process  at  low  bias  voltages.  Now  consider  the  same  structure  during 
erasure  (Fig.  9)  when  a  negative  potential  is  applied  at  the  gate  to  eject  the  electrons  into 
the  substrate.  A  number  of  starting  electrons  are  considered  for  two  differing  voltages.  The 
behavior  does  not  have  the  detailed  features  of  the  injection  process;  the  injection  process 
reveals  more  of  the  details  of  the  states  being  tunneled  into.  The  time-constants  of  ejection 
are  however  quite  similar  to  that  of  injection.  At  2  V,  not  shown,  the  process  has  very 
appreciably  slowed  down.  The  lifetime  in  the  dot  has  become  very  large. 
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Fig.  10  shows  mean  and  variance  in  the  number  of  electrons  for  a  calculation  in  which 


<W>VU«g>M 


Fig.  10  The  mean  and  variance  as  a  function  of  gate  voltage  for  occupation  in  the  quantum-dot  for  a  model 
example  of  quantum  box  coupled  to  the  channel  and  controlled  by  the  gate. 


a  maximum  of  3  electrons  is  allowed.  The  variance  is  1/2  at  gate  voltages  where  the  mean 
number  of  electrons  is  integer+1.  The  actual  number  of  electrons  in  the  quantum  dot  can 
take  only  integer  values.  A  mean  number  of  integer+1/2  implies  that  the  actual  number  of 
electrons  is  fluctuating  rapidly  between  integer  and  integer+1.  The  fluctuations  in  current, 
etc.  follow  from  these  calculations  by  coupling  to  the  classical  transport  equations  of  the 
field-effect. 


ffl.  PERCOLATION  EFFECTS 

The  nano-crystal  memory  operates  by  screening  of  the  channel  from  the  gate  by  stored 
electrons  in  the  nano-crystal.  The  nano-crystals  have  a  disordered  distribution  on  the  oxide 
surface.  The  occupation  of  the  nano-crystals  by  electrons  is  modeled  to  the  first  order  by 
the  rate  equation  derived  before.  When  only  a  fraction  of  the  nano-crystals  are  occupied, 
and  this  is  a  function  of  applied  bias  and  time,  transport  takes  place  underneath  through  the 
unscreened  areas.  This  is  similar  to  the  classic  problem  of  bond  percolation.  The  conduc¬ 
tance  of  this  area,  e.g.  measured  at  low  drain-to-source  voltages,  should  show  percolative 
behavior  with  a  criticality  that  is  dependent  on  time  and  voltage.  We  model  this  system 
approximately  by  assuming  a  square  lattice  whose  conductance  we  calculate  between  the 
edges.  The  occupation  is  determined  using  the  rates,  and  for  this  calculation  we  do  not  con¬ 
sider  any  two-dimensional  effects  along  the  channel. 

Fig.  1 1  shows  the  application  of  the  rates  of  charging  to  a  square  lattice  of  the  quantum- 
dots  as  a  snapshot  in  time  for  a  voltage  of  2.0  V  between  the  gate  and  the  channel.  The 
occupation  of  an  electron  in  a  quantum-dot  is  represented  by  a  filled  dot.  Its  presence 
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depletes  the  channel  area  underneath  of  electrons.  A  turn-off  of  the  device  requires  block¬ 
age  of  the  resistive  conduction  path  between  source  and  drain.  In  Fig.  11,  this  occurs 


t  =  0.1  ns 

i  i 

©OOOOOOOO© 

0000000006 

0OO#OOOOO$ 

0000000000 

000000000© 

800000000© 
000000000 
000000000© 
900000000© 
000000000© 

V  h 


t- 1.0  ns 

I  I 

©00000000© 

0000000000 

000*00000$ 

0000000000 

000000000© 

00000*000© 

0000000000 

000*00000© 

9000000000 

0*0000000© 

'  * 


t  - 10.0  ns 

I  I 
©0*000000© 
6000*00*00 
0*0*00000$ 
600000*000 
60*000000© 
9©ooo**oo© 
*0000*0000 
000*000*0© 
0000000006 
6*0000*00* 


t  - 100.0  ns 

I  I 

£0*00*00*© 

o*o*o**** 

0*0*00*00© 

ooo*o**o** 

•o*o*o*o*6 

9*o*o**oo© 

*0000*000* 

©o***oo*o© 

Joo*o*o**o 
•00*0*00* 

tnr  =  2.5  nm  2 


Fig.  11:  Charging  of  a  square  lattice  array  of  nano-crystals  for  tunneling  injection  oxide  thickness  of  2.5  nm 
and  a  gate  bias  voltage  of  2.0  V  as  a  function  of  time. 


between  10  ns  and  100  ns.  Fig.  12  shows  the  dependence  of  conductance  on  time  and  volt¬ 
age  with  the  other  as  parameter. 


Fig.  12:  Normalized  conductance  as  a  function  of  time  (a)  and  bias  voltage  (b)  for  the  square  lattice  of  the 
previous  example. 

Percolation  is  clearly  observable  in  these  simulations,  and  a  minimum  necessary  nano- 
crystal  density  and  voltage  and  time  is  needed  for  reproducible  operation.  Note,  however, 
that  not  all  nano-crystals  have  to  be  filled  with  electrons  for  conduction  to  be  shut  off. 
Thus,  time  scales  smaller  than  those  required  to  fill  all  nano-crystals  are  sufficient  and 
probabilities  significantly  smaller  than  unity  still  allow  operation. 

IV.  CAN  WE  AVOID  USE  OF  COLLECTIVE  PHENOMENA? 

Digital  microelectronics  optimizes  device  and  interconnection  technology  with  the  cir¬ 
cuit  design  to  obtain  the  necessary  functions  at  the  characteristics  desired  (usually  a 
combination  of  several  attributes:  speed,  power  dissipation,  voltages  of  operation,  density. 
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reliability,  noise  immunity,  cost,  etc.).  It  requires  a  judicious  blend,  one  of  whose  important 
component  has  been  the  reduction  of  dimensions.  Smaller  dimensions  lead  to  faster 
devices,  lesser  area,  and  lower  power  -  all  desirable  properties.  High  yields  can  be  main¬ 
tained  only  by  improvements  in  technology  and  use  of  device  designs  that  minimize 
variations  arising  from  technology.  CMOS,  with  the  use  of  a  rail-to-rail  circuits,  restores 
levels  and  is  less  sensitive  to  variations  so  long  as  devices  maintain  reasonable  active 
power  gain.  The  use  of  collective  phenomena  has  been  implicit  in  this  progress  because  the 
number  of  electrons  used  has  always  been  large  enough.  It  reduces  the  variances  arising 
from  random  effects  and  usually  also  takes  care  of  variations  arising  from  systematic 
effects  (dimensions,  resistances,  etc.)  arising  from  the  practice  of  technology.  Reduction  of 
dimensions,  while  reducing  the  power  (usually),  also  increases  the  variance  due  to  random 
effects1  that  appear  in  statistical  fluctuations  in  voltages  (threshold,  threshold  shifts,  etc.) 
and  in  currents  (magnitude,  time  and  phase).  So,  implicit  in  this  is  a  worsening  of  the  noise- 
margin  for  operation  of  devices,  in  logic  and  in  memory,  and  minimum  voltages  that  can 
be  tolerated  and  that  can  compensate  for  voltage  noise  margins.  For  a  CMOS  inverter  gate 
driving  another  inverter  gate,  the  number  of  electrons  that  are  transferred  during  a  low 
loaded  switching  event  is  shown  in  Fig.  13  together  with  energy  dissipation  during  switch¬ 
ing.  This  figure  assumes  (among  many  other  assumptions)  a  changing  of  voltage  levels  to 


Fig.  13:  Number  of  electrons  switched  when  a  CMOS  inverters  switches  another  identical  CMOS  inverter 
together  with  the  energy  dissipated  in  the  process. 


accommodate  the  power  dissipation  constraints.  Nearly  100  electrons  still  flow  through 
during  the  switching  and  their  number  can  be  made  larger  by  scaling  the  width  of  the 
device.  Deviations  in  threshold-voltages  changes  the  amount  of  drive  available  approxi¬ 
mately  linearly  with  an  average  transconductance  as  the  multiplication  factor.  A  large 
consequence  of  any  changes  in  drive  current  is  a  proportional  change  in  switching  times 


lJFor  a  sample  N,  with  Poisson  distribution,  approximatable  by  a  normal  distribution,  the  standard  deviation  is  Nl/2. 
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and  hence  problems  in  timing  and  clocking.  For  logic,  therefore,  the  consequence  of  scal¬ 
ing  size  is  serious;  however,  device  design  (through  width)  and  circuit  design  (through 
careful  timing  analysis  and  design)  can  compensate  and  allow  a  functioning  design. 

For  memories,  the  issues  are  more  difficult.  Static  RAMs  are  flip-flops  made  using 
CMOS  gates.  The  previous  comments  apply  to  it;  SRAMs  also  use  lower  voltages  and  are 
much  more  sensitive  to  variances  in  threshold  voltages  due  to  the  need  to  minimize  imbal¬ 
ances  in  the  flip-flop.  Dynamic  memories  use  a  large  number  of  electrons  on  the  capacitors 
(-40  fC  of  charge,  equivalent  to  -250,000  electrons).  Fitting  such  a  large  number  of  elec¬ 
trons,  as  dimensions  are  scaled,  is  an  increasingly  difficult  task  because  we  are  demanding 
that  the  capacitance  not  be  scaled.  An  increase  in  the  third  dimension  is  needed  and  higher 
and  higher  aspect  ratios  are  more  and  more  difficult  to  achieve.  An  equally  big  problem  is 
that  of  retention  time.  Transistors  are  designed  to  have  fA  of  off-state  current  so  that  the 
electrons  do  not  leak  easily  and  refresh  cycles  are  slow.  However,  changes  in  threshold 
voltages  change  the  off-state  leakage  current  exponentially  for  barrier-modulated  transport 
as  is  the  case  for  electron  diffusion.  So,  the  leakage  current  changes  by  approximately  a 
factor  of  10  for  every  -60  mV  change  in  VT.  This  is  very  difficult  to  design  around  through 
a  worst  case  design.  Quantum-dot  memories  and  the  nano-crystal  memories  attempt  to 
work  around  these  issues  by  using  the  oxide  barrier  for  storage  of  charge  and  using  a  gain 
cell  (conversion  of  the  change  in  electrostatic  potential  into  the  current  carried  by  the 
device)  and  do  it  with  low  power  by  reducing  the  number  of  electrons  needed  to  obtain  the 
memory  effect.  Two  problems  arise:  one  is  the  need  to  work  with  low  voltages  and  the  sec¬ 
ond  is  the  need  to  work  with  the  smaller  numbers  and  their  consequent  Poisson  variance 
problem. 

First  consider  the  issue  of  voltages.  Smaller  size  increases  the  eigenenergies  and  the 
electrostatic  charging  energy  as  seen  in  Table  1.  The  voltages  needed  for  the  charging  are 
increased  by  the  lever  effect  (~tcna/tinj)  approximately  a  factor  of  3  to  5.  To  work  with  volt¬ 
ages  of  -  3  V,  the  charging  energies  should  not  exceed  -0.6  to  1  eV.  To  compensate  for 
random  variations,  in  a  quantum-dot  memory  one  needs  to  work  with  -5  electrons.  So,  this 
implies  a  size  in  between  10  nm  and  3  nm.  These  dimensions  still  maintain  a  charging 
energy  larger  than  thermal  voltages.  For  nano-crystal  memories,  the  large  number  of  quan¬ 
tum-dots  help  in  minimizing  the  variance.  A  similar  size  range  in  dot  size  is  still  necessary. 
Fig.  14  shows  the  power-speed  trade-off  that  comes  with  the  use  of  a  single  electron  within 
the  size  constraints  described.  Using  larger  number  of  electrons  scales  it  higher.  However, 
it  is  still  significantly  smaller  than  that  for  alternative  semiconductor  memory  structures.  It 
is  therefore  quite  likely  that,  if  we  are  willing  to  trade  speed  for  lower  power,  we  will  be 
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able  to  work  with  smaller  number  of  electrons  and  still  achieve  the  control  on  electrical 
variations  desired  for  microelectronics. 


1 1  .... i _ 1. 1. 1, i. i.i i  .....j...  i  i  i  ititi... 
2  10  100 
Time  to  Inject  One  Electron  (nsec) 


Fig.  14:  Power-speed  trade-off  for  single  electron  operation  in  quantum-dot  memory. 


V.  CONCLUSIONS 

As  field-effect  devices  reach  their  operational  -  fundamental  and  practical  -  limits,  and 
assimilate  semi-classical  and  quantum-mechanical  effects  in  their  operation,  increased  sen¬ 
sitivity  in  static  and  dynamic  operational  fluctuations  are  inevitable.  Thickness  and  length 
control  of  barriers  and  channels  are  clearly  a  very  essential  requirement  and  they  have  an 
increasing  variation  due  to  quantum  effects.  And,  since  tunneling  currents  vary  exponen¬ 
tially,  the  consequences  of  leakage  can  also  be  quite  significant.  Small  silicon  memories, 
such  as  the  nano-crystal  and  quantum-dot,  combine  the  field-effect  with  the  discreteness 
that  comes  from  use  of  small  dimensions.  For  control  of  electrical  variations,  they  have  to 
solve  similar  issues  as  CMOS,  and  so  long  as  dimensions,  interface  states,  etc.,  can  be  con¬ 
trolled,  and  a  few  electrons  are  used,  they  can  be  practical  and  useful. 
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ABSTRACT 

A  novel  concept  for  carrier  injection  in  low-dimensional  semiconductor 
lasers  using  ballistic  electron  waveguides  is  proposed.  The  concept  is 
studied  for  a  quantum  wire  far  IR  laser.  Computer  simulations  on 
the  carrier  injection  and  calculations  of  threshold  current  densities  and 
modulation  bandwidths  are  presented 

I.  INTRODUCTION 

Low-dimensional  semiconductor  lasers,  e.g.  quantum  wires  and  dots  promise 
significant  improvement  of  characteristics  such  as  threshold  current,  spectral  prop¬ 
erties  and  modulation  bandwidths  [1].  However,  early  experiments  failed  to  deliver 
what  was  promised  and  poor  luminescence  was  shown.  These  results  were  soon 
explained  as  an  intrinsic  effect  of  low-dimensional  devices,  a  combination  of  ineffi¬ 
cient  energy  relaxation  due  to  lack  of  phonons  and  orthogonality  of  carrier  quantum 
states.  This  was  dubbed  ‘the  phonon  bottleneck’  [2],  [3],  [4].  Also,  the  maximum 
modulation  bandwidth  is  expected  to  be  limited  by  slow  carrier  capture.  (5],  [6], 
[7].  While  this  is  true  for  interband  lasers  the  ‘phonon  bottleneck’  can  actually  be 
beneficial  for  intraband  lasers. 

Since  it  turned  out  to  be  hard  to  observe  the  ‘phonon  bottleneck’  experimen- 
*email:  erikf@ele.kth.se 
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tally  [8],  this  prompted  a  long  (and  still  ongoing)  discussion  about  the  existence 
of  the  ‘phonon  bottleneck’  and  what  processes  limits  its  effects  (multiphonon  pro¬ 
cesses  [10],  Auger-like  mechanisms  [11],  defect-state  related  relaxation  [12]). 

This  has  led  us  to  study  alternative  ways  of  injecting  carriers  into  the  active  re¬ 
gion.  In  this  paper  we  propose  carrier  injection  using  ballistic  electron  waveguides. 
Using  this  approach  the  carriers  are  injected  selectively  into  to  the  upper  lasing 
level  using  ‘wavefunction  engineering’.  This  way  the  ‘phonon  bottleneck’  problem 
is  completely  circumvented,  albeit  at  the  expense  of  a  more  complex  manufacturing 
technology. 

We  begin  by  introducing  the  concept  of  carrier  injection  using  ballistic  elec¬ 
tron  waveguides  and  use  computer  simulations  to  calculate  the  excitation  efficiency. 
Based  on  those  calculations  the  threshold  current  and  small-signal  frequency  re¬ 
sponse  are  calculated  using  rate  equations. 

II.  CARRIER  INJECTION 

A.  Principle 

The  most  obvious  idea  as  how  to  avoid  time-consuming  relaxation  processes 
before  the  carriers  end  up  in  the  desired  excited  state,  is  direct  injection  to  that 
specific  state.  In  a  low-dimensional  semiconductor  laser  this  can  be  achieved  by 
injecting  the  electrons  ballistically  using  electron  waveguides.  In  Fig.  1  this  type 
of  injection  into  a  quantum  wire  (labeled  central  waveguide  in  the  following)  is 
shown  schematically. 

Electrons  from  the  source  are  injected  through  the  source  waveguide  into  the 
central  waveguide,  which  is  the  active  region.  The  source  and  central  waveguides 
are  connected  by  two  paths.  We  can  tune  the  phase  difference,  A</>  =  akj  —  bk'j. 
between  these  two  paths,  by  adjusting  the  path  lengths  a  and  b  (indicated  in 
Fig.  1)  and  the  Fermi  vector.  This  way  we  can,  for  electrons  having  a  longitudinal 
wave  vector  within  a  certain  range,  achieve  a  predominant  injection  into  a  higher 
transverse  subband  in  the  central  waveguide  and  thus  create  a  population  inversion. 
After  an  optical  transition  in  the  central  waveguide  the  electrons  empty  to  the  drain 
through  the  drain  waveguide. 

Explaining  the  concept  in  more  detail  we  turn  to  Fig.  2  which  shows  an  energy 
diagram  of  the  structure  from  Fig.  1.  The  source  and  drain  waveguides  have  only 
one  bound  transverse  mode  whereas  the  central  waveguide  has  two.  As  can  be 
seen,  the  energy  levels  are  aligned  in  such  a  way  that  the  energy  of  the  higher  of 
the  two  bound  modes  in  the  central  waveguide  equals  that  of  the  single  mode  in 
the  source  waveguide,  whereas  the  energy  of  the  lower  mode  equals  that  of  the 
drain  waveguide.  The  bias  across  the  device  is  V  =  On  -  ix2)/(-e).  Electrons 
from  the  source  waveguide  populate  the  central  waveguide  modes  up  to  /z i,  and 
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electrons  from  the  drain  will  populate  the  mode(s)  in  the  central  waveguide  up 
to  /Z2.  Electrons  that  populate  the  upper  mode  of  the  central  waveguide  will 
contribute  to  the  photon  emission  as  indicated.  As  will  be  shown  later,  it  is 
essential  for  laser  operation  that  electrons  populate  the  second  bound  transverse 
mode  in  the  central  waveguide  with  high  probability  over  a  ideally  rather  broad 
range  of  longitudinal  electron  wave  vector.  It  is  also  important  that  the  electrons 
in  the  lower  mode  of  the  central  waveguide  empty  into  the  drain  waveguide  with 
as  low  reflection  as  possible. 

We  define  the  transmission  probabilities  as  follows:  Tij%mn  is  the  probability  of 
transmission  from  mode  m  in  lead  i  to  mode  n  in  lead  j.  If  we  denote  the  source 
waveguide  lead  1,  the  central  waveguide  lead  2  and  the  drain  waveguide  lead  3, 
the  ideal  transmission  coefficients  would  be 


Til, 11  =  0  721,21  =  1 

712.11  =  0  72141  =  0 

712.12  =  1 


723,21  —  o  732,11  =  1 
723,11  =  1  732,12  =  0 

733,11  =  0 


Note  that  using  this  terminology,  7iMi  and  T33.11  represent  reflections.  Al¬ 
though  all  of  these  are  important  for  the  operation  of  the  laser,  the  transmission 
coefficients  that  are  crucial  are  those  between  the  source  and  central  waveguides. 


B.  Simulations 

In  order  to  test  the  feasibility  of  the  idea  of  creating  a  population  inversion 
as  proposed  in  the  previous  section,  computer  simulations  were  made.  First  the 
potential  in  a  heterostructurally  defined  waveguide  structure  was  calculated  using 
a  Thomas-Fermi  approximation.  Then  the  time-dependent  Schrodinger  equation 
was  solved  for  an  electron  wave  packet  inbound  from  the  source  waveguide  using 
the  BPM-method  [13].  Fig.  4  shows  snapshots  from  such  a  simulation.  Examining 
Fig.  4  we  clearly  see  that  the  second  bound  mode  of  the  central  waveguide  is 
excited. 

From  these  transport  simulations  we  can  calculate  the  transmission  coeffi¬ 
cients.  Fig.  5  shows  the  transmission  coefficients  7u,n,  7i2,n  and  7i2,i2  for  the 
simulated  structure.  As  can  be  seen  the  upper  level  is  populated  with  a  high 
probability  within  a  certain  range  of  the  longitudinal  wave  vector  of  the  inbound 
electron  wave,  which  is  what  is  required.  There  seems  to  be  much  room  for  further 
optimizations  of  the  structure. 

III.  THRESHOLD  CURRENT 

We  envision  two  possibilities  of  using  the  proposed  structure  as  an  active 
element  in  a  resonant  optical  cavity,  thereby  creating  a  laser.  Either  in  a  VCSEL 
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(Vertical  Cavity  Surface  Emitting  Laser)  type  structure  as  in  Fig.  3  (a)  or  in  an 
in-plane  type  laser  structure  as  in  3  (b).  In  this  section  we  calculate  the  threshold 
current  for  both  cases. 

A.  Absorption  cross  section 

To  calculate  the  threshold  current  we  begin  by  calculating  the  absorption  cross 
section  a  [14], 

Whu  ^ 

<J=0 lE^/Z 

Eopt  is  the  optical  field  and  u  the  optical  angular  frequency.  Z  =  (nc€0)_1  is  the 
wave  impedance  with  n,  c  and  c0  being  the  refractive  index,  the  speed  of  light 
and  the  permittivity  of  vacuum  respectively.  The  transition  rate  W ,  is  given  by 
Fermi’s  Golden  Rule 

w  h2  Ai/  ’  K  ' 

where  A v  is  the  transition  linewidth  and 

H2 ,  =  <#,  |  H'(r)  I  ®,>.  (3) 

The  interaction  Hamiltonian  Hf(r)  is  defined  as 

H'{r)  =  -A(r)ff •  p  =  •  p,  (4) 

771  771 

where  p  is  the  momentum  operator,  rf  =  ax  •  x  +  a2  •  z  is  the  polarization  vector, 
and  A(r)  the  vector  potential.  We  set  the  wavefunctions  to  be 

*«  =  «c(OC»(fl  (5> 

#1  =  nc(f)(,(P)t  (6) 

where  uc(f)  are  the  Bloch-function  and  Ut  the  envelope-functions.  If  we  assume 
an  infinite  hardwall  potential  we  can  write  the  envelope  functions  as 


C«(^  = 

0(f)  = 


_i—cos(^)cos(^)e'>«. 

LxLlyLlz  L>z  J-'x 


(7) 

(8) 


Electrochemical  Society  Proceedings  Volume  98-19 


532 


Evaluating  (4)  using  (5)-(8)  yields 


8iheAQax  r 

«2i  =  — — ; — Oc  c. 


(9) 


3  mLx  ku'kl 

Eopt  in  (1)  is  related  to  the  vector  potential  A  via  Eopt  =  -tvA.  Inserting  this 
together  with  (2)  and  (9)  we  arrive  at  the  following  expression  for  the  absorption 
cross  section 


( T  = 


28Q'Khe2ai 


9ce0nujAirm2Ll  ’ 

B.  Rate  equations 

We  assume  the  following  rate-equations  to  estimate  the  threshold  current. 


(10) 


dn2 

dt 

e  7*21  9 

(ii) 

dn\ 

dt 

e  t2i 

_n i_ 

ri  out 

(12) 

dS 

n  s  p 

(13) 

dt 

=  gS-—  +  —n2t 

rp  r«p 

where  n i  and  ri2  axe  the  carrier  densities  in  the  two  modes  of  the  central  waveguide 
and  S  is  the  photon  density.  T21  and  Tiout  are  the  carrier  lifetimes  of  the  upper  and 
lower  transverse  modes  respectively.  We  have  accounted  for  the  fact  that  only  a 
fraction  k  of  the  injected  current  density  J  ends  up  in  the  upper  bound  mode,  this 
due  to  the  non-ideal  transmission  coefficients  (Fig.  5).  rp  is  the  photon  lifetime 


1  c.  1,  , 
—  =  ~{ai  +  Tln{ 


1 


)]. 


(14) 


where  c  is  the  velocity  of  light,  n  the  group  index,  a*  the  internal  loss.  L  the  c  avity 
length  and  Rij2  the  mirror  reflectivities.  The  gain  is 


9  —  '^■(n2  ~  ni)» 


(15) 


where  a  is  the  absorption  cross  section. 

Steady  state,  i.e.  ►  0,  yields  the  following  expressions  for  the  carrier 
densities,  using  (11)  and  (12) 


n  1 
n2 


7*1  OUtJ 
e 

t2\kJ 


-  r2igS. 


(16) 

(17) 
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Tiout  is  essentially  determined  by  the  time  it  takes  for  the  electrons  to  travel 
through  the  central  waveguide  combined  with  the  transmission  probability  723, n, 
which  by  careful  design  can  be  made  close  to  unity.  So  we  can  safely  assume 
Tiout  <  T21  a”d  can  also  assume  712  »  ni .  Above  threshold  n2  will  be  clamped  to 
it’s  threshold  value  n2,th,  which  we  can  estimate  using  (13)-(15),  the  assumption 
above  and  neglecting  the  spontaneous  emission. 


n2,th  = 


L 

C<JTp 


(18) 


Inserting  this  into  (11)  at  threshold  ( S  =  0)  yields  the  threshold  current  density 


Jth  =  L~— 

KT2lCTp<T 


(19) 


This  result  emphasizes  what  was  discussed  in  the  previous  section,  namely 
that  it  is  vital  for  the  lasers  performance  that  as  many  as  possible  of  the  elec¬ 
trons  injected  from  the  source  waveguide  populates  the  upper  mode  in  the  central 
waveguide,  i.e.  we  need  a  sufficiently  large  k. 


C.  A  numerical  estimate 

For  a  10  meV  (2.4  THz)  transition  in  a  40  nm  wide  quantum  wire  we  calculate 
the  threshold  current  densities  in  the  VCSEL  and  in-plane  cases.  The  transition 
linewidth  is  somewhat  arbitrary  chosen  to  be  Au  =  100  GHz.  The  relaxation  time 
r2i,  has  for  a  V-groove  quantum  wire  been  measured  to  be  200  ps  [15],  but  since 
we  consider  etched  wires  we  assume  r2 1  =  100  ps,  allowing  for  faster  relaxation 
through  defect  states.  The  material  system  is  GaAs,  and  we  approximate  the 
group  index  of  refraction  with  the  bulk  refractive  index,  which  is  n=3.62  at  the 
transition  wavelength  [16].  Further  we  assume  the  following  parameters. 

Parameter _ _ _ VCSEL  In-Plane 

Mirror  reflectivity  Ri,  R2  99,5%  32% 

Internal  losses  a,-  2000  m  1  500  m  1 

Cavity  length  L  18/un  250  p m 

Photon  lifetime  rp,  calculated  using  (14)  5.3  ps  2.2  ps 


Setting  the  polarization  vector  to  be  fj  —  1  •  x  and  using  the  simulation  results 
to  choose  k  =  0.7.  With  (10)  we  find  a  =  2.8  •  10"15  m2.  This  gives  an  estimate  of 
the  threshold  current  densities:  J^SEL  =  0.93  A/cm2  and  =  29  A/cm2. 
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IV.  MODULATION  BANDWIDTH 


We  calculate  the  small  signal  modulation  response  AS(u)/AJ(uj)  for  the  VC- 
SEL  structure.  Introduce 


J  =  Jss  +  AJ  (20) 

n 2  =  n2'Ss  +  An2  1 2 1 1 

m  -  m,ss  +  Am  (22) 

S  =  Sss  +  AS,  (23) 


where  SS  denotes  steady  state.  Inserting  these  into  (12)-(  13)  together  wit  h  ( 15) 
we  get  (neglecting  higher  order  terms) 


dAn2 

dt 

dAni 

dt 


kAJ  An2  co,  .  .  „  co 

- — (rc2,5s  ~  ni,ss) A£  — p-(An2  —  Ani)Sss  (24) 

e  Tn  L  L 


(1 


-  k)  A  J  ,  A n2  co ,  x  A  o  . 

- —  -j - 1-  —  (n2  55  —  Hi  ss)AS  + 

e  Tn  L 


^{An2-Ani)Sss-—  (25) 

— tt-  =  -y(ni  ss  —  ni,ss)AS  4-  ~(An2  —  Arii)Sss - 1-  ~ An2  (26) 

dt  L  L  tp  t2i 

Making  use  of  the  assumption  n2  ni  and  assuming  harmonic  current  mod¬ 
ulation  (^  — ►  ju)  we  can  rewrite  (24)-(26)  into  the  following  matrix  equation 


(  icj  4-  A  —E  B  \  /  An2  \  \  j  (  K  \ 

-A  iu>  +  F  -B  Am  =  —  1  -  k  ,  (27) 

\  -C  E  ua-D  )\  AS  )  e  \  0  / 


where  we  have  defined 


A  = 
B  = 
C  = 
D  = 
E  = 


h+TSss 

CO 

-£-rc2iss 

CO  1 

Tn2,ss  -  ~ 

Jj  Tn 


(28) 

(29) 

(30) 

(31) 

(32) 
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(33) 


CtJ 

T 


Sss  + 


1 

Tl  out 


Since  we  tire  operating  above  threshold  n2,ss  =  n^  th  and  Sss  is,  using  (11)  and 
(13) 

Sss  =  ^(J-  4)  +  ^  (34) 

c  Tsp 

We  solve  (27)  numerically  for  AS(lj)/AJ(oj ),  with  (3  =  0.008,  for  varying 
current  densities  J.  The  result  is  plotted  in  Fig.  6.  As  can  be  seen  high  modulation 
bandwidths  are  in  principle  achievable.  However,  one  should  notice  that  here 
we  have  not  taken  into  account  nonlinear  gain  which  will  limit  the  maximum 
modulation  bandwidth  [17],  thus  the  modulation  bandwidths  presented  here  are 
somewhat  overestimated. 


V.  CONCLUSIONS 

We  have  presented  a  new  way  of  injecting  carriers  into  low-dimensional  semi¬ 
conductor  laser  structures,  which  circumvents  the  long-discussed  ’phonon  bottle¬ 
neck’.  The  approach  was  numerically  tested  on  an  intraband  quantum  wire  far  IR 
laser  and  we  found  very  promising  threshold  currents  and  modulation  bandwidths. 
However,  we  are  not  limited  to  just  a  quantum  wire  laser,  this  concept  could  also 
be  applied  to  a  quantum  box  type  laser. 
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Source  Central  Drain 

waveguide  wavguide  waveguide 


Figure  1:  Schematics  of  the  waveguide  structure,  the  gray  area  is  the  waveguiding 
region  where  the  electron  transport  is  ballistic.  The  central  waveguide  is  the  actual 
quantum  wire,  or  the  active  region,  where  the  optical  transitions  take  place. 


Source 


Figure  2:  Energy  diagram  of  the  waveguide  structure.  The  energy  levels  seen  are 
the  transverse  bound  modes.  The  mode  spacing  is  larger  in  the  source  and  drain 
waveguides  due  to  smaller  widths  compared  to  the  central  waveguide.  The  modes 
of  the  source  and  drain  waveguides  are  tuned  to  match  the  upper  and  lower  bound 
modes  of  the  central  waveguide  respectively. 
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Figure  3:  Possible  cavity  configurations  (a)  VCSEL-type  structure  (b)  In-plane 
laser  configuration.  In  the  figures  the  possibility  of  using  multiple  quantum  wires 
to  enhance  the  optical  output  is  indicated 
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Figure  4:  Snapshots  from  simulation  of  propagation  of  an  electron  wave  packet 
through  the  source  and  central  waveguides.  Time  runs  from  left-right,  top-bottom. 
As  can  be  clearly  seen  the  second  transverse  mode  is  excited  in  the  central  waveg¬ 
uide.  The  ’ripple’  seen  to  the  right  in  the  last  two  snapshots  are  interference  effects 
from  numerical  reflections  (i.e.  ghost  effects). 


Electrochemical  Society  Proceedings  Volume  98-19 


540 


1 


0.81 


°  60  80  100  120  140  160  180 

Longitudional  wave  vector  [1/pm] 


Figure  5:  Transmission  coefficients  Tn(n,  Tu, n  and  7i2,i2  as  a  function  of  longitu¬ 
dinal  wave  vector. 


Figure  6:  Small  signal  modulation  response  for  the  VCSEL  structure  for  current 
densities  ranging  from  1.1  •  JulCSEL  A/cm-2  to  100  •  J^hCSEL  A/cm-2 
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ABSTRACT 

Simulation  of  single-electron  charging  operation  of  a  silicon  quantum- 
dot  memory  device  is  performed  using  self-consistent  Schrodinger  and 
Poisson  equations.  Emphasis  is  placed  on  the  influence  of  the  poly- 
wrapped  gate  on  the  onset  of  inversion.  We  show  that  the  geometry  of 
the  control  gate  causes  the  inversion  to  occur  on  the  vertical  sides  of 
the  channel.  The  device  experiences  a  strongly  nonuniform  threshold 
voltage  shift  as  a  function  of  the  number  of  electrons  in  the  dot  to  reach 
about  0.5V  when  the  floating  gate  quantum-dot  is  charged  from  empty 
to  10  electrons.  We  analyse  the  influence  of  the  extent  of  the  control 
gate  overlap  on  the  charging  behavior  of  the  device. 


INTRODUCTION 

Extensive  investigations  of  quantum-dot (QD)  physics  and  technology  have 
been  undertaken  for  years  with  most  of  the  materials  being  compound-semiconductors. 
However,  recent  advancements  in  silicon-on-insulator(SOI)  fabrication  technology 
have  given  rise  to  new  silicon  quantum-dot  devices  that  could  exhibit  single- 
electron  charging  at  room  temperature[l],[2].  This  has  opened  new  avenues  and 
possiblities  for  future  device  integration  with  existing  silicon  ultra-large  scale  in- 
tegation(ULSI)  technology. 

In  this  paper  we  present  a  quasi-3D  self-consistent  Schrodinger-Poisson  simu¬ 
lation  of  a  structure  similar  to  the  device  fabricated  by  Welser  et.  al.(Fig.  1).  We 
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studied  the  charging  behavior  of  the  floating  gate  and  the  resulting  variation  of 
the  device  threshold  voltage.  The  effects  of  the  poly-wrapped  gate  geometry  are 
investigated  as  well. 


II.  APPROACH 


7'Snm- 


Fig  1  (a)  3D  Schematic  of  Device  Structure,  (b)  X-Y  slice  of  the  device,  showing  the 
QD  floating  gate  and  the  channel. 

A  schematic  representation  of  the  simulated  device  is  shown  in  Fig.  1.  The 
channel  is  doped  at  Na  =  5  x  1018  cm-3.  The  source  and  drain  contacts  are  kept  at 
zero  volts.  The  control  gate  overlaps  the  quantum-dot  floating  gate  and  part  of  the 
channel.  The  rest  of  the  channel  is  assumed  to  be  covered  by  Si02,  representing 
the  field  oxide  or  passivation.  The  electric  potential  in  the  device  is  obtained  as  a 
solution  of  the  3-D  nonlinear  Poisson  equation, 


V[e(:r,  y,  z) V<j>{x,  y,  z)}  =  -q\p(x,y,z)-n(x,y,z)  +  N£(x,y,z)-NA(x,yiz)\  (1) 

where,  n(x,  y,  z)  and  p(x ,  y,  z)  are  the  electrons  and  holes  densities,  respectively. 
The  nonuniform  doping  is  described  by  the  ionized  donor  and  acceptor  densities, 
N£(x,y,z),  Nx(x,y,z).  Dielectric  permitivity,  e(x,y,  z),  variation  across  Si/SiCb 
interface  is  also  taken  into  account. 

Since  the  floating  gate  is  more  than  6  times  larger  laterally(50nm  x  50nm) 
than  its  thickness (8nm),  we  model  only  the  much  stronger  confinement  in  the 
vertical  direction.  As  such,  we  solve  the  1-D  Schrodinger  equation  adiabatically  in 
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the  y-direction.  This  allows  us  to  study  the  quantum  coupling  between  the  channel 
and  the  floating  gate  easily.  The  1-D  Schrodinger  equation  for  the  electrons  at  the 
Si/Si02  interface  reads, 

z,  z)+AEc(y)+pxc(n)}i/>u(y;  x,  z)  =  Eu(x ,  z)^u{y,  x,  z) 

2  ay  m^yjdy 

(2) 

Here  A Ec(y)  is  the  material  band  offsets;  pxc(n)  is  the  exchange-correlation 
term  and  mj*(y)  are  the  effective  masses  of  the  electron,  where  l  denotes  the  different 
effective  masses  arising  from  the  anisotropy  of  the  Si  bandstructure.  Exchange  and 
correlation  effects  to  account  for  electron-electron  interaction  is  treated  according 
to  the  local  density  approximation^], [5], 

«.(»)  =  *2^1.  (3) 

In  the  QD,  we  have  p(x,y,z)  =  0  and  n(x,  y,z)  =  J2i  which  requires  a 
self-consistent  solution  of  both  the  Poisson  and  Schrodinger  equations.  The  dis¬ 
cretized  Poisson’s  equation  in  finite-difference  form  is  solved  by  Newton-Raphson 
technique  and  the  solution  process  is  accelerated  with  successive  over-relaxation. 

The  finite-difference  1-D  Schrodinger’s  equation  is  solved  by  direct  method  using 
a  QR  algorithm.  A  self-consistent  loop  is  employed  to  iterate  between  the  two 
equations  until  convergence  is  achieved  [6].  The  averaged  electron  number,  N  per 
quantum  dot,  which  is  not  necessary  an  integer  number,  is  computed  from  the 
total  electron  density  over  the  volume  element  at  each  grid  point  in  the  device, 

N  =  Y1  n(x » 2b  z)  AsAyAz.  (4) 

This  condition  which  is  incorporated  in  the  self-consistent  loop,  is  used  to 
simulate  the  reading  and  writing  operation  of  the  memory  device. 


III.  RESULTS 

Fig.  2  shows  a  x-y  slice  of  the  conduction  band  profile  of  the  device.  The 
QD  floating  gate  is  located  between  Y  =  100 A  to  200 A  and  the  channel  is  located 
between  200 A  and  500 A.  The  rest  of  the  surrounding  regions  pertains  to  silicon 
dioxide.  The  variations  of  the  potential  in  the  silicon-dioxide  regions  around  the 
QD  floating  gate  and  the  channel  are  due  to  the  3-D  effects  arising  from  the 
geometry  of  the  gate  structure.  Far  into  the  oxide  substrate  (Y  >  1000A)  the 
potential  recovers  its  linear  change  showing  constant  electric  field. 
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Fig  2  (a)  X-Y  slice  of  the  conduction  band  at  Z  —  1200A 

In  Fig.  3  we  show  the  effects  of  screening  of  the  control  gate  potential  by  the 
QD  floating  gate  electrons  on  the  strong  inversion  in  the  channel.  The  channel 
electron  density  is  located  between  200A  and  500A.  We  see  that  the  channel 
electron  density  is  dramatically  reduced  right  under  the  quantum-dot. 


Fig  3.  Z-Y  slice  of  electron  density  in  the  quantum-dot  and  the  channel 

The  poly-wrapped  gate  geometry  also  causes  the  initial  inversion  to  occur  on  the 
vertical  sides  of  the  channel  (Fig.  4).  This  effect  is  due  to  the  closer  proximity 
of  the  side  gates  to  the  channel  as  well  as,  the  screening  of  the  top  gate  by  the 
quantum-dot.  This  indicates  that  during  device  operation,  most  of  the  channel  is 
almost  empty  of  electrons,  except  on  the  vertical  sides.  Consequently,  the  current 
flow  occurs  along  the  vertical  sides  and  could  undergo  extensive  interface  roughness 
scattering. 
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Fig  4.(a)  X-Y  contour  slice  of  electron  density  right  before  inversion,  (b)  Electron 
density  during  inversion.  The  QD  floating  gate  is  located  between  100  A  to  200  A  in  the 
Y-direction.  The  channel  is  located  below  Y=200  A. 

Since  the  control  gate  only  covers  a  small  section  of  the  channel,  the  rate  of  increase 
in  channel  electrons  is  initially  limited  to  the  region  under  the  QD  floating  gate 
As  the  gate  field  is  increased,  the  growing  fringing  fields  that  extend  outside  the 
region  under  the  floating  gate  start  to  produce  inversion  which  spread  slowly  in 
those  regions.  In  Fig  5(a)  and  (b)  we  show  the  contour  lines  resulting  from  the 
control  gate  field  which  extend  around  the  periphery  of  the  dot,  reaching  the 
channel,  and  causing  inversion  outside  the  regions  underneath  the  quantum-dot. 


FIG  5.  (a)  X-Y  contour  plot  of  the  conduction  band  potential  showing  the  effects  of  the 
control  gate  fringing  fields,  (b)  X-Z  contour  plot  of  the  conduction  band  potential 


Fig  6.  shows  the  charging  behavior  of  the  channel  as  the  number  of  electrons  in 
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the  QD  floating  gate  is  constrained  to  be  integer  numbers,  which  illustrates  the 
read  and  write  operations  of  the  memory  device. 


Fig  6.  Effects  of  read/write  charging  of  the  quantum-dot  floating  gate  on  the  number 
of  channel  electrons. 

The  threshold  voltage  is  estimated  to  be  the  bias  point  for  which  the  electron 
number  in  the  channel,  which  is  proportional  to  the  device  conductance,  begin  its 
rapid  exponential  rise.  When  the  quantum-dot  is  empty,  the  threshold  voltage  is 
about  -0.4V.  With  one  electron  in  the  quantum-dot,  the  threshold  voltage  shifts 
to  -0.2V.  When  the  number  of  quantum-dot  electrons  is  increased  to  ten,  the 
total  threshold  voltage  shift  experienced  by  the  device  is  about  0.5V.  This  is  in 
qualitative  agreement  with  the  behavior  of  the  device  demonstrated  by  Welser  et 
al[l].  The  shift  in  threshold  voltage  for  each  additional  electron  in  the  quantum-dot 
is  therefore  nonuniform.  Apparently,  the  largest  shift  comes  from  the  transition 
from  an  empty  dot  to  the  storing  of  the  first  electron.  This  effect  is  related  to  the 
results  illustrated  in  Fig.  2  and  is  a  manifestation  of  the  decrease  in  the  screening 
effectiveness  per  electron  in  the  quantum-dot,  as  the  number  of  stored  electrons 
increases.  This  also  indicates  the  changing  sensitivity  of  the  device  channel  for 
single-electron  charging  of  the  dot.  This  reduction  in  sensitivity  of  the  electron 
population  in  the  channel  is  understood  as  an  effect  of  the  3-D  nature  of  the 
inversion  and  the  channel  screening  which  have  two  important  contributions:  First, 
as  the  increase  in  channel  electrons  occurs  mainly  on  the  vertical  wall  facing  the 
side  gate  (Fig.3),  the  screening  from  the  quantum-dot  which  is  placed  on  the  top 
of  the  channel  appears  to  be  rather  poor.  The  second  contribution  stems  from  the 
gate  fringing  field  which  extent  laterally  in  the  z-direction  beyond  the  region  under 
the  QD  floating  gate.  This  3-D  fringing  field  effect  induces  inversion  electrons  away 
from  the  central  region  which  do  not  experience  much  screening  from  the  floating 
gate  either. 

Finally,  we  investigate  the  changes  in  both  the  threshold  voltage  and  the 
charging  behavior  cause  by  the  gate  geometry.  This  is  done  by  reducing  the  amount 
of  gate  overlap  with  the  channel.  In  Fig.  7(a),  we  show  the  gate  covering  the 
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channel  and  the  QD  floating  gate.  In  Fig.  7(b),  the  gate  covers  only  partially  the 
channel.  Fig.  7(c)  illustrates  the  case  when  the  gate  covers  only  the  QD  floating 
gate  but  not  the  channel  and  in  Fig.  7(d)  the  gate  is  flat,  both  the  QD  floating 
gate  and  the  channel  are  completely  beneath  the  gate  structure. 


Fig  7.  Contour  plots  of  potential  profile  as  the  control  gate  overlap  changes.  The 
control  gate  is  shown  in  bold  black  lines  on  top  of  the  structure. 


FIG  8.  (a)  The  charging  curves  for  the  channel  as  the  control  gate  structure  is  varied  from 
gate(a)  to  gate(d).  (b)  The  corresponding  charging  curves  for  the  QD  floating  gate. 

In  Fig.  8(a),  we  see  that  as  the  gate  overlap  is  decreased  from  gate  (a)  to 
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gate  (d),  the  charging  curve  of  the  channel  shifts  to  the  right.  This  means  that 
higher  gate  biases  are  required  to  induce  the  same  amount  of  channel  inversion  for 
a  flatter  gate.  Though  the  control  over  the  channnel  inversion  is  significant,  the 
control  over  the  QD  floating  gate  charge  does  not  change  as  much(Fig.  8b  ).  Again, 
these  results  illustrates  the  different  ways  the  electron  charge  are  induced  in  the 
floating  gate  and  the  channel.  Case  (d),  where  the  flat  gate  causes  the  potential  and 
the  charge  density  in  the  QD  floating  gate  to  be  substantially  uniform(Fig.  7d),  is 
spectacular,  since  it  corresponds  to  the  largest  shift  in  the  charging  chracteristic 
of  the  channel(Fig.  8a). 


IV.  CONCLUSIONS 

By  using  a  3-D  self-consistent  simulation,  we  have  shown  the  unique  behavior 
of  the  carrier  inversion  on  the  vertical  sides  of  the  channel  due  to  the  wrap-around 
geometry  of  the  control  gate  of  a  quantum-dot  floating  gate  flash  memory.  We  have 
also  demonstrated  that  the  threshold  voltage  shift  per  electron  decreases  as  the 
number  of  electrons  in  the  quantum-dot  increases.  We  have  shown  that  substantial 
shifts  in  the  threshold  voltage  are  experienced  by  the  device  when  the  extent  of 
control  gate  overlap  is  changed. 
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ABSTRACT 

Several  MOS-type  structures  are  examined  for  their  suitability  of  im¬ 
plementing  quantum  wire  based  conduction  channels  operating  in  sil¬ 
icon  at  room  temperature.  By  solving  the  self-consistent  system  of 
Schrodinger’s  and  Poisson’s  equation,  a  setup  with  a  T-shaped  gate 
was  identified  as  the  most  promising  one  for  both  fabrication  and  op¬ 
eration.  For  this  system,  an  almost  mono-mode  room  temperature 
quantum  wire  can  be  created,  if  one  uses  a  highly  doped  substrate. 
Furthermore,  the  barrier  height  of  the  the  wire  confining  potential  is 
high  enough  to  contain  even  hot  electrons.  However,  the  same  struc¬ 
ture  implemented  with  an  undoped  substrate  shows  various  problems, 
the  most  serious  ones  a  very  low  confining  potential  and  a  negative 
threshold  voltage,  making  the  undoped  setup  quite  unsuitable  for  all 
practical  purposes. 


INTRODUCTION 

As  the  dimensions  of  electronic  devices  approach  nanometer  scale,  quantum  effects 
are  expected  to  have  an  ever  increasing  influence  on  their  electronic  properties, 
until  at  some  point  these  effects  become  essential  for  device  operation.  While  it  is 
possible  to  conceive  completely  new  devices  which  are  designed  to  operate  solely  on 
the  basis  of  quantum  effects,  this  approach  is  very  costly  due  to  the  huge  investment 
in  current  production  technology.  Therefore,  it  would  be  highly  advantageous  to 
develop  quantum  structures  that  are  in  some  ways  compatible  or  interfaceable  with 
existing  silicon  Metal-Oxide-Semiconductor  (MOS)  technologies,  operated  at  or 
near  room  temperature. 

Following  this  line,  the  authors  decided  to  focus  their  research  on  exploring 
the  limits  of  scalability  for  MOS  devices  operated  at  room  temperature.  While 
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great  effort  has  been  put  into  reducing  the  length  of  typical  conduction  channels 
down  to  less  than  lOOnm,  much  less  work  has  been  done  for  shrinking  the  lateral 
dimension  of  the  channel,  even  though  the  maximum  achievable  integration  den¬ 
sity  is  determined  by  the  product  of  both  dimensions.  The  goal  of  this  paper  is 
to  present  self-consistent  quantum  simulations  of  quantum  wire  type  conduction 
channels  in  order  to  explore  the  limits  of  lateral  scalability  for  MOS  devices. 


II.  PHYSICAL  AND  COMPUTATIONAL 
MODEL 

The  physical  model  used  to  achieve  a  realistic  description  of  electrons  in  the 
cross-section  of  nanoscale  conduction  channels  consists  of  the  coupled  system  of 
Schrodinger’s  and  Poisson’s  equation  [1].  Schrodinger’s  equation  in  the  effective 
mass  approximation  is  defined  as 

-^V  •  f  +  [U  -  ^  +  Kc(i»)]  'pi  =  Blip,,  (1) 

2  L  m*  J 

where  tpi  denotes  the  wavefunction  belonging  to  energy  level  Ei ,  (f>  the  elec¬ 
trostatic  potential,  Vh  the  heterojunction  step  potential,  n  the  quantum  electron 
density,  and  finally  Vxc  the  exchange  correlation  potential  in  the  local  density  ap¬ 
proximation.  e  is  the  unit  electric  charge  and  m*  is  the  tensor  describing  the 
effective  electron  mass. 

The  electrostatic  potential  <f>  is  determined  by  a  nonlinear  Poisson  equation 

V  •  (eV0)  =  -e  [~n  +  p(<f>)  +  N${4>)  -  N^(4>)\  (2) 

where  e  is  the  dielectric  constant,  p  the  hole  density,  and  and  iVj  the  ionized 
donor  and  acceptor  concentrations. 

The  quantum  electron  density  n  occurring  in  both  equations  is  then  obtained 
from  the  eigenpairs  (Ei,  ipi)  of  Schrodinger’s  equation  as 

n  =  S>,W2,  (3) 

l 

where 


,r  (2  mwkBT\'/2  (Ef-E,\ 

Ni=9v{-^-)  (  ) 
denotes  the  occupancy  of  the  eigenstate  l,  gv  the  number  of  equivalent  conduction 
band  valleys,  mw  the  electron  mass  along  the  wire  axis,  T  the  Temperature,  kB 
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Boltzmann’s  constant,  Ep  the  Fermi  level,  and  F-1/2  the  complete  Fermi-Dirac 
integral  of  order  -1/2. 

In  order  to  obtain  an  efficient  numerical  model  [2],  both  Schrodinger’s  equation 
as  well  as  Poisson’s  equation  are  discretized  using  a  box  integration  finite  difference 
approach  to  take  material  discontinuities  into  account.  Since  the  quantum  wire 
covers  only  a  small  region  of  the  entire  simulation  domain  we  employ  a  non-uniform 
rectangular  mesh  condensed  around  the  wire  region  to  minimize  computational 
effort  and  achieve  high  accuracy  within  the  region  of  interest.  Furthermore,  to 
avoid  the  cost  of  solving  Schrodinger’s  equation  in  a  very  large  grid  we  calculate 
the  quantum  electron  density  n  only  within  the  region  of  the  actual  quantum  wire 
itself,  while  in  the  rest  of  the  simulation  domain,  where  the  electron  density  is 
small,  we  replace  n  by  its  classical  value  nciasa(0). 

The  size  of  the  matrices  involved  here  demands  the  use  of  sparse  solvers  for 
both  equations.  The  eigenvalue  problem  for  Schrodinger’s  equation  is  solved  using 
Chebyshev-Arnoldi  iteration  [3,  4,  5].  This  method  allows  us  to  compute  only  the 
physically  relevant  lowest-energy  states.  The  nonlinear  Poisson  equation  is  solved 
by  Newton-Raphson  iteration  with  inexact  line  search.  The  necessary  solution  of 
a  sparse  linear  system  at  each  iteration  step  is  accomplished  by  a  version  of  the 
preconditioned  conjugate  gradient  method  involving  DKR  preconditioning  [6,  7]. 

Solving  the  combined  system  of  the  two  model  equations  requires  an  iterative 
approach  [8,  9].  However,  due  to  the  strong  nonlinear  coupling  between  both 
equations  underrelaxation  yields  only  slow  convergence.  Therefore,  a  predictor- 
corrector  approach  for  the  electron  density  n  is  utilized,  enabling  the  outer  iteration 
to  converge  in  less  than  ten  iteration  steps  [10]. 

III.  RESULTS 

For  exploring  the  limits  of  lateral  scalability  for  MOS  devices,  the  system  shown  in 
Fig.  la  should  very  much  define  the  minimum  setup  necessary  for  the  creation  of 
an  ultra  narrow  conduction  channel  in  silicon.  A  5  nm  wide  metalized  (Al)  trench 
acting  as  gate  is  separated  from  a  uniformly  p-doped  substrate  by  2  nm  of  SiC>2. 
Under  the  influence  of  a  positive  gate  bias  a  localized  inversion  forms  at  the  oxide 
interface  under  the  gate,  resulting  in  a  quantum  wire  type  system. 

In  order  to  assess  the  validity  of  this  structure  for  device  operations,  the 
authors  did  a  self-consistent  simulation  for  a  highly  doped  ( Na  —  1018  cm-3) 
structure  of  this  type.  Both  the  interface  orientation  as  well  as  the  axis  of  the 
channel  were  assumed  to  be  aligned  along  a  direction  of  the  <100>  family,  and 
a  typical  surface  charge  density  of  4  x  1010  cm-2  at  the  oxide  interface  was  taken 
into  account.  The  simulation  temperature  was  300  K. 

The  result  for  the  lateral  cross-section  of  the  conduction  band  potential  in  the 
channel  at  a  gate  bias  of  1.7  V  and  an  integrated  channel  charge  of  f  ndz=4.5  x  106 
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cm-1  is  shown  by  the  solid  curve  in  Fig.  2.  While  postponing  a  detailed  discussion 
of  the  simulation  results  to  the  next  chapter,  it  is  immediately  clear  that  a  very 
narrow  (about  20  nm  wide)  and  deep  (about  1.1  eV)  potential  trench  is  formed, 
ensuring  excellent  confinement  even  for  hot  electrons. 

Unfortunately,  manufacturing  a  5  nm  metal  line  is  quite  challenging,  even  if 
one  allows  for  future  progress  in  process  technology.  Therefore  it  would  be  highly 
desirable  if  one  could  achieve  similar  good  confinement  while  relaxing  the  necessary 
fabrication  tolerances.  One  attempt  in  that  direction  is  shown  in  Fig.  lc.  Its  main 
distinction  to  the  system  shown  in  Fig.  la  is  that  in  addition  to  the  5  nm  wide 
gate  the  whole  surface  of  the  device  has  been  metalized,  in  effect  forming  a  trench 
oxide  structure  comparable  to  those  discussed  by  Tsukui  and  Oda  [11).  However, 
a  self-consistent  simulation  of  this  structure  using  the  same  channel  fill-in  as  in  the 
previous  case  at  a  gate  bias  of  1.3  V  shows  (Fig.  2,  long  dashed  curve),  that  the 
depth  of  the  potential  trench  is  with  0.4  eV  not  sufficient  to  confine  hot  electrons, 
even  though  the  channel  width  itself  has  not  changed  much. 

In  order  to  find  a  solution  for  this  problem,  the  authors  restricted  the  surface 
metalization  to  a  20  nm  wide  band  (Fig.  lb),  as  compared  to  the  complete  metal- 
ization  used  for  the  previous  system.  The  reasoning  behind  this  structure  is  that 
it  should  be  much  easier  to  put  a  metal  line  over  an  oxide  trench,  if  the  line  is 
much  wider  than  the  trench,  thus  avoiding  the  manufacturing  difficulties  involved 
with  system  la).  At  the  same  time,  keeping  the  total  metalization  width  narrow 
should  prevent  the  drastic  reduction  of  the  confinement  potential  shown  by  the 
fully  metalized  structure  lc). 

Indeed,  a  self-consistent  simulation  for  this  structure  shows  a  lateral  confine¬ 
ment  potential  (Fig.  2,  dotted  line)  that  is  almost  indistinguishable  from  that  of 
the  ideal  system  la).  Even  if  one  increases  the  metalization  width  to  50  nm,  the 
confinement  potential  only  widens  by  about  30  nm  in  its  upper  flanks  (Fig.  2, 
dashed  line),  while  its  depth  remains  with  1.1  eV  unchanged.  Thus,  of  the  three 
structures  examined  here  the  T-gate  system  shown  in  Fig.  lb  appears  to  be  the 
most  promising  one  for  further  investigation. 

The  small  dimensions  of  the  T-gate  structure  allow  one  to  consider  in  practice 
only  a  highly  doped  or  a  nearly  undoped  substrate.  While  for  high  dopant  concen¬ 
trations  as  Na  =  1018  cm-3  the  average  distance  between  dopant  atoms  (about  10 
nm)  should  be  small  enough  for  reliable  device  operation,  for  intermediate  concen¬ 
trations  as  Na  =  1015  cm"3  this  is  no  longer  true,  since  in  this  case  there  would 
be  only  a  few  dopant  atoms  within  the  channel,  leading  to  unacceptable  statisti¬ 
cal  fluctuations  of  device  characteristics.  Therefore  we  limit  our  investigation  to 
T-gate  systems  with  acceptor  concentrations  of  either  NA  =  1018  cm-3  for  highly 
doped  devices  or  NA  =  1010  cm-3  for  nominally  undoped  ones,  where  the  latter 
concentration  is  a  typical  value  for  residual  impurity  concentrations  in  undoped 
silicon.  As  the  authors  will  show,  both  types  of  systems  are  very  different  in  their 
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physical  properties. 

This  fact  becomes  immediately  obvious  if  one  examines  the  occupation  num¬ 
bers  Ni  of  the  states  E[.  As  Fig.  3.  shows,  for  a  total  occupation  of  f  ndrr—4.5  x  106 
cm-1  most  energy  levels  are  located  above  the  Fermi  level  Ef ,  resulting  in  an  ex¬ 
ponential  decay  of  the  occupations  for  increasing  1.  However,  we  find  that  for  the 
same  total  charge  inside  of  the  channel,  the  number  of  occupied  energy  levels  is 
quite  different  for  both  systems.  While  for  the  highly  doped  structure  only  a  few 
states  are  occupied  and  70%  of  the  electrons  are  concentrated  in  the  ground  state 
(Fig.  3a),  there  is  a  dense  spectrum  of  occupied  states  for  the  undoped  case  (Fig. 
3b). 

The  reason  for  this  difference  becomes  obvious  if  one  examines  the  cross- 
sections  of  the  conduction  band  potential  (Fig.  4a)  and  the  quantum  electron 
density  n  (Fig.  4b)  parallel  to  the  Si-Si02  interface  for  the  same  channel  fill-in. 
We  find  that  for  the  highly  doped  structure  the  conduction  band  potential  forms 
a  very  narrow  and  deep  trench,  resulting  in  a  very  compact  and  dense  quantum 
wire.  The  size  quantization  caused  by  this  tight  electron  confinement  then  causes 
the  large  separation  between  energy  levels  seen  in  Fig.  3a.  On  the  other  hand, 
for  the  undoped  system  electron  confinement  is  much  looser,  and  consequently  size 
quantization  is  less  important  here,  resulting  in  the  dense  quasi-classical  energy 
spectrum  seen  in  Fig.  3b. 

The  issue  of  electron  confinement  is  further  complicated  by  the  by  the  emer¬ 
gence  of  hot  electrons.  While  a  potential  trench  might  be  nominally  deep  enough 
to  confine  carriers  with  a  kinetic  energy  of  300  K  or  0.025  eV,  at  high  channel  cur¬ 
rents  the  electron  temperature  can  be  as  high  as  0.9  eV,  necessitating  much  higher 
confinement  potentials.  Examining  the  barrier  height  of  the  potentials  shown  in 
Fig.  4a,  we  find  that  only  highly  doped  systems  with  NA  =  1017  cm-3  or  higher  can 
ensure  the  confinement  of  hot  electrons  in  the  channel,  while  for  lower  lower  sub¬ 
strate  doping  the  barrier  height  quickly  decreases  down  to  0.2  eV  for  the  undoped 
system,  making  it  quite  unsuitable  to  carry  any  substantial  current. 

Finally,  let  us  examine  the  dependence  of  the  integrated  charge  in  the  channel 
/  ndx  on  the  gate  bias  for  different  substrate  doping.  Even  though  /  ndx  is  not 
necessarily  proportional  to  the  channel  current,  its  dependence  on  the  bias  should 
be  good  indicator  for  the  switching  behavior  of  devices  using  the  T-gate  structure. 
Examining  Fig.  5  we  notice  that  the  threshold  voltage  seems  to  decrease  with 
decreasing  channel  doping.  For  example,  if  we  define  somewhat  arbitrarily  a  total 
channel  charge  of  106  cm"1  as  “threshold”,  we  get  approximately  1.2  V  for  the 
highly  doped  structure  (NA  =  1018  cm"3)  and  -0.1  V  for  the  undoped  one. 

Further  differences  between  the  two  cases  can  be  found,  if  one  examines  the 
sub-threshold  behavior  of  the  electron  density.  While  the  highly  doped  systems 
show  a  consistent  decrease  in  the  total  charge  of  at  least  decade  per  0.1  V  decrease 
in  gate  bias,  the  corresponding  decrease  in  the  undoped  system  is  smaller  and 
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tends  to  decrease  further  for  negative  gate  voltages.  This  behavior  of  the  undoped 
structure  is  caused  by  a  considerable  number  of  electrons  in  the  substrate  outside 
of  the  wire,  that  persists  even  at  negative  gate  voltages.  As  a  consequence,  it 
might  be  quite  difficult  to  switch  off  the  current  in  the  undoped  channels  even  at 
moderately  negative  gate  voltages. 

IV.  CONCLUSIONS 

We  examined  several  MOS-type  structures  for  their  suitability  of  implementing 
quantum  wire  based  conduction  channels  in  room  temperature  silicon,  and  using 
self-consistent  calculations  we  identified  a  structure  with  a  T-shaped  gate  as  the 
most  promising  one  for  both  fabrication  and  operation.  Further  investigation  shows 
that  if  one  uses  a  highly  doped  substrate  for  this  system,  an  almost  mono-mode 
room  temperature  quantum  wire  can  be  created.  Furthermore,  the  barrier  height 
of  the  the  wire  confining  potential  is  with  1.1  eV  high  enough  to  contain  even 
hot  electrons.  The  threshold  voltage  is  with  about  1.2  V  suitable  for  low-voltage 
operation,  below  threshold  the  total  channel  charge  decreases  by  one  decade  per  0.1 
V  gate  bias  shift,  indicating  a  benign  sub-threshold  behavior.  Considering  these 
results,  the  authors  believe  that  this  highly  doped  system  is  a  promising  candidate 
for  the  implementation  of  nanoscale  conduction  channels. 

On  the  other  hand,  the  same  structure  implemented  using  an  undoped  sub¬ 
strate  shows  various  problems,  the  most  important  ones  a  low  confining  potential  of 
only  0.2  eV  and  a  negative  threshold  voltage,  making  this  system  quite  unsuitable 
for  all  practical  purposes.  Despite  these  problems,  structures  based  on  undoped 
silicon  are  highly  attractive  since  these  systems  do  not  suffer  from  statistical  fluc¬ 
tuations  caused  by  randomly  distributed  dopant  atoms.  Therefore  the  authors  are 
currently  trying  to  improve  the  undoped  structure  by  adding  a  highly  p-doped 
ground  plane  and  at  the  same  time  reducing  the  thickness  of  the  top  undoped 
silicon  layer  down  to  small  values  like  50  nm. 

The  rationale  behind  this  approach  would  be  to  limit  the  number  of  carriers 
available  outside  of  the  wire  region,  hopefully  improving  upon  the  sub-threshold 
behavior  of  the  system.  At  the  same  time,  the  wire  should  be  located  far  enough 
from  the  ground  plane  at  the  oxide  interface  to  see  detrimental  influence  from 
impurity  scattering.  As  preliminary  results  indicate,  introducing  a  ground  plane 
indeed  seems  to  improve  both  confinement  and  control  significantly,  indicating  that 
most  of  the  disadvantages  of  the  original  undoped  structure  could  be  overcome. 
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Figure  1:  Three  Si-Si02  based  quantum  structures.  The  acceptor  concentration  in 
the  substrate  can  vary  from  nominally  undoped  ( Na  =  1010  cm-3)  to  highly  doped 
(Na  =  1018  cm-3)  depending  on  the  application. 
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Figure  2:  Cross-sections  of  the  conduction  band  potential  V  parallel  to  the  Si-SiC>2 
interface  for  three  structures  shown  in  Figs.  la-c.  All  sections  are  cut  through  the 
maximum  of  the  electron  density,  and  the  gate  is  located  at  x=200  nm.  The  total 
integrated  electron  density  is  4.5  x  106  cm"1  in  all  cases,  and  the  gate  biases  are 
1.7  V,  1.6  V,  1.4  V,  and  1.3  V  form  the  inside  to  the  outside. 
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Figure  3:  Occupation  numbers  JV,  of  states  Et  for  the  T-gate  structure  shown  m 
Fig.  lb.  The  Fermi  level  EF  is  indicated  by  the  dashed  line  and  energies  are 
normalized  with  respect  to  the  bottom  of  the  conduction  band  potential.  The 
total  integrated  electron  density  is  4.5  x  106  cm-1  in  both  cases,  and  the  gate  bias 
is  1.6  V  for  the  highly  doped  (a)  and  0.3  V  for  the  undoped  system  (b). 
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Figure  4:  Cross-sections  of  the  conduction  band  potential  V  (a)  and  the  quantum 
electron  density  n  (b)  parallel  to  the  Si-Si02  interface  for  the  T-gate  structure 
shown  in  Fig.  lb.  All  sections  are  cut  through  the  maximum  of  the  electron 
density  and  the  distance  to  the  interface  is  0.9  nm  for  the  highly  doped  and  1.6 
nm  for  the  undoped  case.  The  gate  is  located  at  x=200  nm.  The  total  integrated 
electron  density  is  4.5  x  106  cm-1  in  both  cases,  and  the  gate  bias  is  again  1.6  V 
for  the  highly  doped  and  0.3  V  for  the  undoped  system. 
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electron 


Figure  5:  The  integrated  electron  density  in  the  quantum  wire  of  Fig.  1  as  function 
of  the  gate  bias.  Gate  metal  is  Al. 
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ABSTRACT 

We  analyze  the  behavior  of  magnetocapacitance  for  a  multiprobe  meso¬ 
scopic  capacitor.  The  self-consistent  evaluation  of  the  internal  potential 
is  found  to  play  a  large  role  in  determining  quantitative  values  of  the 
capacitance.  For  capacitor  plates  of  mesoscopic  size,  this  potential  re¬ 
duces  the  charge  accumulation  by  a  significant  factor  compared  to  that 
obtained  with  non-interacting  models.  In  general,  the  broad  qualitative 
behavior  of  the  magnetocapacitance  is  not  substantially  altered  by  the 
self-consistency,  but  some  new  features  do  appear.  A  simple  but  physi¬ 
cally  motivated  model  gives  an  analytical  formula  which  compares  well 
with  the  numerical  data. 


INTRODUCTION 

For  a  mesoscopic  system  the  notion  of  capacitance  differs  from  the  familiar 
classical  concept.  Classically,  capacitance  is  obtained  by  solving  an  electrostatic 
problem,  determining  the  small  bias  voltage  difference,  A U,  which  is  needed  to 
transfer  a  charge  A Q  between  two  conductors.  The  electrostatic  capacitance  is 
thus  Ce  —  AQ/AU,  and  it  is  geometrical:  Ce  only  depends  on  the  geometric 
properties  of  the  two  conductors  in  addition  to  the  dielectric  media.  On  the  other 
hand,  in  a  mesoscopic  conductor  quantum  coherence  of  the  entire  system  including 
the  leads  may  be  maintained.  Furthermore,  in  a  typical  mesoscopic  system  where 
the  density  of  states  is  low,  the  electron  screening  length  may  be  similar  to  the  size 
of  the  conductor.  In  this  case  the  conductor  can  no  longer  be  considered  to  be  at 
an  equipotential.  In  other  words,  the  potential  drop  A U  acorss  the  two  conductors 
of  a  mesoscopic  capacitor  may  not  be  the  same  as  the  electrochemical  potential 
difference  A/z  of  the  two  reservoirs  which  connect  to  the  capacitor  plates[l].  Since 
experimentally  one  controls  A/z,  the  experimentally  measured  capacitance  is  in 
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fact  an  electrochemical  one[l],  C  -  eAQ/Ap.  For  macroscopic  metal  plates  where 
the  screening  length  is  very  small,  one  can  prove[l]  that  for  all  practical  purposes 
C^  —  Ce.  But  for  mesoscopic  plates  one  may  need  to  consider  quantum  effects  and 
Cp^Ce.  This  discussion  naturally  leads  to  a  dynamic  approach  to  capacitance [2]: 
the  capacitance  matrix  describes  the  dynamic  charge  response  when  the  chemical 
potential  of  a  reservoir  is  changed  by  a  small  amount  A/i.  Clearly,  the  capacitance 
formulated  in  this  way  can  be  extended  to  cases  where  conductors  are  connected 
by  multiple  probes  to  more  than  one  reservoir. 

In  this  short  paper,  we  describe  a  self-consistent  analysis  of  electrochemical 
magneto-capacitance  for  a  mesoscopic  system.  In  particular  we  consider  a  multi¬ 
probe  mesoscopic  plate  coupled  to  a  nearby  metal  gate  and  investigate  the  behavior 
of  Cp  as  a  function  of  the  strength  of  an  external  uniform  magnetic  field  B.  Our 
numerical  results  suggest  that  the  specific  inclusion  of  a  full  self-consistent  cycle  is 
not  strictly  necessary  to  obtain  certain  general  qualitative  properties  of  magneto¬ 
capacitance,  such  as  the  symmetry  properties  under  the  magnetic  field  reversal  [3]. 
But  it  is  essential  to  correctly  account  for  charges  induced  by  the  electron-electron 
interaction  and  to  obtain  qualitatively  correct  pictures.  Although  the  multiprobe 
capacitor  considered  here  is  strictly  three-dimensional  (3D),  we  have  constructed 
an  effective  one-dimensional  model  which  can  be  solved  analytically.  The  analytical 
solution  gives  a  clear  physical  picture  of  the  dependence  of  capacitance  on  vari¬ 
ous  densities  of  states  (DOS),  as  well  as  very  good  agreement  with  our  numerical 
solutions. 

In  the  next  two  sections  of  this  paper  we  discuss  both  the  numerical  and 
analytical  approaches  as  well  as  the  results.  The  final  section  is  reserved  for  a 
summary. 

II.  METHODS 

Our  theoretical  discussion  follows  the  approach  of  Ref.[l].  To  be  specific, 
we  consider  a  general  mesoscopic  capacitor  system  which  consists  of  a  number  of 
conductors  connected  by  one  or  more  probes  to  macroscopic  reservoirs.  In  response 
to  a  change  in  the  electrochemical  potential  A fi  in  one  of  the  reservoirs  from  its 
equilibrium  value,  there  will  be  a  change  of  the  charge  density  A p  on  the  conductors 
in  the  system.  This  A p  can  be  thought  to  consist  of  two  components:  the  injected 
and  the  induced  charge  densities. 

The  injected  charge  comes  from  the  reservoirs  due  to  the  variation  A fi.  Its 
value  can  be  determined  by  solving  a  quantum  scattering  problem[l].  On  the 
other  hand  electron-electron  interaction  establishes  an  induced  charge  inside  the 
conductors  which  act  to  oppose  the  external  injection.  It  is  this  induced  charge 
density  which  is  self-consistently  determined  by  iterating  the  Poisson  equation  for 
the  potential  distribution  U{v)  inside  the  system.  The  total  charge  on  a  conductor 
is  then  obtained  as  A Q  =  /  Ap(r)dr,  where  the  integral  is  restricted  to  the  relevant 
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conductor  volume.  Finally  the  electrochemical  capacitance  is  obtained  as 
C  =  eAQ/A/i. 

The  specific  system  we  considered  consisted  of  a  square  semiconductor  plate 
of  size  3300Ax3300A,  connected  with  up  to  four  reservoirs  through  quantum  wires 
of  width  1650A(see  inset  of  Fig.  1).  The  confining  potential  of  the  seminconductor 
plate  was  taken  as  zero  inside  the  plate  and  infinite  at  boundaries.  In  the  vertical 
direction  the  plate  was  260A  thick  —  a  reasonable  value  for  electrons  confined  in 
heterostructures.  Electrons  in  the  plate  and  the  leads  move  in  an  applied  external 
uniform  magnetic  field  B,  applied  in  the  direction  perpendicular  to  the  plate.  The 
second  capacitor  plate  is  a  metal  gate  on  top  of  and  parallel  to  the  semiconductor 
plate.  The  gate  has  a  cross  section  of  5500Ax5500A.  In  the  vertical  direction  the 
metal  gate  is  much  thicker  —  many  times  the  screening  length,  so  that  the  interac¬ 
tion  is  completely  screened  deep  inside  the  gate  along  this  direction.  Between  the 
two  plates  of  the  capacitor  there  is  an  insulating  layer  with  thickness  d  =  360A. 
All  space  surrounding  the  plates  has  a  uniform  dielectric  constant  e  =  13.1.  We 
self-consistently  calculated  the  magnetocapacitance  in  two  ways,  numerical  and  an¬ 
alytical.  In  all  the  following  discussions  we  dropped  the  minus  sign  of  the  electron 
charge. 

To  obtain  the  charge  response  to  a  small  variation  in  reservoir  electrochemi¬ 
cal  potentials,  the  first  essential  ingredient  is  to  get  the  local  partial  densities  of 
states  (LPDOS)  for  the  mesoscopic  conductor  from  the  scattering  problemfl].  We 
solved  it  numerically  using  a  finite  element  method  described  in  Ref. [3,7].  In  the 
gate,  the  density  of  states  may  be  set  to  a  high  constant  value  to  model  metallic 
behaviour.  The  injectivity,  describing  LPDOS  for  particles  arriving  from  reser¬ 
voir  k,  is  given  by[5,  6]  dn(r,k)/dE  =  |^m(r)|2/^m  where  the  sum  is  over 

the  scattering  state  wavefunctions  of  free  electrons  at  the  Fermi  energy.  Similarly, 
the  emissivity  describing  the  LPDOS  for  particles  which  exit  the  conductor  into 
reservoir  k ,  can  also  be  obtained  from  the  scattering  wavefunctions.  Our  analysis 
also  used  another  fact  that  the  sum  of  all  injectivities  is  equal  to  the  sum  of  all 
emissivities  everywhere.  In  response  to  electrochemical  variation  dp,  the  injected 
charge  density  is  given  by 

dpinji r)  =  YXdn{T,i)/dE]dpi  (1) 

t 

In  the  Thomas-Fermi  approximation  the  induced  charge  is[l] 

dpindi  r)  =  -  £[dn(r,  i)/dE}ui(r)dfii.  (2) 

i 

where  the  electrostatic  potential  drop  across  the  plates  is  related  to  the  change 
in  reservoir  electrochemical  potential,  through  the  characteristic  function[l]  m(r ) 
with  edU(r)  «  U{(r)dpi.  Finally  we  numerically  solved  the  Poisson  equation  to 
obtain  Ui[4]. 
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The  charge  accumulation  on  a  single-probe  conductor  labelled  by  k  in  re¬ 
sponse  to  a  electrochemical  potential  variation  in  reservoir  l  connected  to  another 
conductor,  gives  the  electrochemical  capacitance[l] 

Cu  =  -e2  f[ul(x)dn(i,k)/dE)dr  .  (3) 

Our  numerical  analysis  used  an  approximation  that  the  capacitance  is  deter¬ 
mined  primarily  by  the  densities  in  the  plate  and  the  gate.  Hence  the  relatively 
smaller  leads  and  the  distant  shielded  reservoirs  need  not  be  specifically  included. 
The  numerical  results  will  be  presented  below. 

As  mentioned  above,  we  have  also  constructed  ID  models  for  the  analyti¬ 
cal  solution  of  C*i.  This  approach  is  reminiscent  of  basic  electrostatics  and  we 
now  describe  how  it  is  carried  out.  Since  there  are  two  parallel  conductors  (after 
neglecting  the  contribution  of  leads),  we  could  obtain  an  ID  model  by  using  a 
constant,  average  local  density  of  states,  and  by  ignoring  edge  effects.  A  priori  it 
is  not  obvious  whether  this  approach  would  give  correct  results,  as  the  densities 
of  states  are  in  fact  highly  nonuniform  for  our  capacitor.  Hence  our  ID  model 
requires  a  numerical  comparison  with  the  full  3D  results. 

As  an  example  of  ID  analysis,  we  consider  a  two-probe  semiconductor  plate 
coupled  to  the  metal  gate.  The  system  thus  consists  of  a  plate  with  thickness 
a,  connected  by  two  leads  to  reservoirs  1  and  2,  and  a  bulk  gate  at  a  distance 
d  from  the  plate.  The  bulk  gate  connects  to  reservoir  3.  We  need  to  solve  the 
characteristic  potential  from  the  following  equation[l] 


-V2«i(r)  +  47re2 


y'  dn(rj) 

h  dE 


Uf(r)  =  4?re2 


dn{  r,  i) 
dE~ 


(4) 


where 

=  4hi  for  -a  <  x  <  0  inside  plate; 

^  for  -a  <  x  <  0  inside  plate; 
dnffl  =  ^  for  x  >  d  inside  gate. 

All  densities  are  zero  outside  above  given  regions,  i.e.  they  vanish  outside  their 
respective  conductors. 

We  can  solve  this  equation  for  ui  which  describes  what  happens  when  potential 
in  one  of  the  leads  varies.  We  require  that  ui  vanishes  deep  inside  the  metal  gate 
(at  x  -»  oo),  and  is  finite  in  free  space  far  away  from  the  system  (at  x  — ►  —  oo). 
Hence  u\  must  have  the  form: 
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u\(x)  =  a\  x  <  -a 

it*  (a;)  =  a2e-I'/Ap  +  a3ex^Xp  +  04  —  a  <  x  <  0 

tii(a;)  =  a5x  +  a6  0  <  x  <  d 

ui(x)  ~  a7e~^x~d^Xp  x  >  d 


Here  we  define  the  screening  lengths  inside  the  plate  and  gate,  as: 


V2  =  47re2(^  +  fe), 


Matching  solutions  at  the  region  boundaries  and  making  sure  the  solution 
inside  the  plate  satisfies  Eq.  (4),  we  can  find  the  unknown  coefficients.  Once 
these  are  known,  we  can  thus  obtain  the  charge  accumulated  on  the  plate  and  the 
gate.  In  particular,  we  obtain  the  charge  accumulated  on  the  gate  in  response  to 
electrochemical  potential  variation  in  reservoir  1.  Hence  from  Eq.  (3),  we  have 


C31 


A  ft _ 1 

4?r  lfi£  +  dE  i_c-A2«/Ap  +  \  -  Ap  +  d 


(5) 


Next  we  consider  the  limit  where  the  plate  is  made  very  thin  while  the  inte¬ 
grated  density  of  states  is  kept  constant.  In  this  case  the  screening  length  is  much 
larger  than  the  thickness  of  the  plate,  Xp  »  a.  On  the  other  hand,  the  screen¬ 
ing  length  will  be  much  smaller  than  the  separation  between  the  two  conductors, 
A p«  d.  For  a  metallic  gate,  the  screening  length  is  also  very  small:  Xg  «  d.  In 
this  limit  Eq.  (5)  reduces  to 


C31  =  - 


dn± 

dE 


A-jr  +  sm 
dE  ^  dE 


x4  +  d 


*  ft  1 

4?r  1[E  +  lE  *l+2  +  d 


(6) 


where  we  have  defined  surface  densities  of  states 


du\t2  _  dn\t2  _ 
~dE~~dEa 


and  characteristic  length 


A-  =  4 -’(g  +  S) 


The  analytical  formulas  will  be  compared  with  our  full  3D  numerical  results  (see 
below) . 
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The  above  analysis  can  be  easily  extended  to  situations  where  the  semicon¬ 
ductor  plate  has  more  than  two  probes.  It  is  straightforward  to  verify  that  the 
necessary  change  to  the  above  formula  is  to  use  A"1  =  47re2  Y*j  ^  where  the  sum 
is  over  all  the  reservoirs  attached  to  the  semiconductor  plate.  In  the  final  expres¬ 
sion  thus  obtained,  the  difference  to  the  above  three  probe  formula  (two  at  the 
semiconductor  plate  and  one  at  the  gate)  is  that  the  sum  of  densities  of  states  in 
the  denominator  of  the  prefactor  (see  Eq.  (6))  is  now  over  densities  from  all  probes 
present,  and  the  same  holds  for  the  characteristic  length  due  to  total  density  of 
states. 


III.  RESULTS  AND  DISCUSSION 

Our  self-consistent  numerical  solution  gives  results  qualitatively  similar  but 
quantatively  different  from  the  nonself-consistent  analysis  of  Ref.3.  The  solu¬ 
tions  are  highly  dependent  on  the  magnetic  field  strength.  At  higher  values  of 
B,  Aharonov-Bohm  type  oscillations  are  observed[3].  The  wavefunctions  yielded 
the  necessary  local  densities  of  states:  our  numerical  results  showed  that  they  are 
highly  nonuniform  in  space  due  to  interference  effects. 

First,  we  present  results  of  the  case  when  the  semiconductor  plate  has  four 
probes.  The  result  of  capacitance  matrix  CgX  describing  gate  response  to  potential 
variation  in  one  of  the  plate’s  reservoirs  are  shown  in  Fig.l.  The  result  obtained 
by  full  numerical  solution  (solid  line)  is  compared  with  that  from  equation  (6)  for 
the  ID  model  (dashed  line).  The  ID  line  was  obtained  by  using  the  numerically 
calculated  LPDOS  after  spatial  average.  Qualitatively  the  two  results  agree  very 
well.  Quantitatively,  the  numerical  solution  is  expected  to  be  consistently  larger 
than  the  ID  model  since  ID  model  does  not  include  edge  effects.  Fig.  1  shows 
this  behavior.  In  addition  the  inhomogenous  densities  in  the  numerical  solution 
will  also  give  larger  capacitance  over  the  case  where  the  local  densities  of  states 
are  uniform.  When  densities  are  inhomogeneous,  screening  in  the  plate  is  expected 
to  be  less  efficient  so  that  response  in  the  gate  is  greater.  This  nonuniformity  is 
particularly  noticable  at  values  of  field  where  there  is  a  resonance.  Hence  at  peaks 
(see  Fig.  1)  there  is  a  larger  discrepancy  between  the  two  lines.  This  last  effect 
becomes  less  pronounced  as  the  number  of  probes  is  reduced.  We  conclude  that  the 
analytical  ID  model  actually  gives  excellent  qualitative  and  reasonable  quantitative 
agreement  with  the  full  numerical  solution.  Therefore  the  computationally  costly 
step  of  solving  the  3D  Poisson  equation  can  be  avoided  for  the  cases  studied  here. 

On  the  other  hand,  we  can  demonstrate  that  the  full  self-consistency  is  quanti¬ 
tatively  important  by  comparing  results  to  those  obtained  without  self-consistency. 
A  simplest  model  without  full  self-consistency  uses  what  is  in  effect  a  classical  im¬ 
age  charge  where  it  is  assumed  that  the  charge  inside  the  semiconductor  plate 
is  only  the  injected  charge  and  all  the  screening  takes  place  in  the  metal  gate: 
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Figure  1:  Capacitative  gate  response  to  injection  from  one  of  the  probes  by  the  self- 
consistent  methods:  from  the  numerical  solution  (solid  line)  and  from  analytical 
ID  model  (dashed  line) 

the  gate  charge  thus  being  equal  in  magnitude  and  opposite  in  sign  to  the  charge 
accumulated  on  the  plate.  The  gate  response  according  to  this  image  model  is 
plotted  in  Fig.2.  One  can  see  that  even  though  there  is  a  qualitative  agreement 
with  the  self-consistent  results  of  Fig.l,  quantitatively  the  image  charge  model  is 
off  by  an  order  of  magnitude.  This  is  because  induction  does  in  fact  take  place  in 
the  plate  for  the  mesoscopic  system  considered  here,  thus  reducing  the  total  gate 
induced  charge.  One  can  also  observe  that  the  fully  self-consistent  response  tends 
to  significantly  diminish  the  relative  size  of  resonance  features  in  the  capacitance 
response. 

In  the  highly  symmetric  four  probe  plate  configuration  studied  so  far,  the 
capacitance  matrix  element  is  symmetric  under  B-field  reversal.  Furthermore,  due 
to  symmetry,  the  results  are  the  same  for  all  the  probes:  Cgi  =  Cg 2  =  Cg 3  =  Cg 4. 
We  also  observe  that  the  capacitance  is  relatively  constant  as  the  magnetic  field  is 
varied.  This  is  because  the  symmetry  here  ensures  that  resonances  in  the  densities 
of  states  for  all  the  probes  will  occur  at  the  same  values  of  the  magnetic  field.  As 
shown  by  Eq.  (6) ,  this  makes  the  factor  of  the  ratio  of  injected  to  total  density  of 
states  to  be  constant  for  all  values  of  the  magnetic  field.  For  a  perfectly  symmetric 
conductor,  this  constant  is  just  the  reciprocal  of  the  number  of  its  probes. 

The  capacitance  was  also  calculated  for  a  three  probe  plate  (see  inset  of  Fig. 
3).  The  capacitance  matrix  elements  for  each  plate  probe  obtained  using  the 
analytical  formula  are  shown  in  Figs. 3,  4  and  5.  The  results  here  are  very  different 
from  the  four  probe  case.  With  three  probes  the  structure  has  significantly  less 
symmetry,  so  that  the  densities  of  states  associated  with  each  probe  are  different 
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Figure  2:  Capacitative  gate  response  to  injection  from  one  of  the  probes  in  a  four 
probe  plate  obtained  from  the  classical  image  charge  model.  This  is  to  be  compared 
to  Fig.  1 


and  have  different  magnetic  field  dependence.  This  means  that  Cg i,  Cg 2  and  Cg 3 
are  in  general  different.  In  the  three  probe  structure  considered  here,  the  magnetic 
field  reversal  properties  are  Cgi(B)  =  C93(—B)  and  Cg2(B)  =  C92{—B). 

For  3-probe  plate  it  may  now  happen  that  at  some  value  of  the  field  the 
injectivity  from  the  probe  at  which  the  electrochemical  potential  is  being  varied  is 
much  less  than  the  emissivity  for  some  other  probe.  This  means  that  inside  the 
plate  the  total  density  of  states  available  for  screening  is  much  larger  leading  to  a 
much  more  efficient  screening  at  the  plate  and  thus  a  correspondingly  diminished 
response  in  the  metal  gate.  The  analytical  formula  dicussed  in  the  last  section 
gives  us  a  quantitative  understanding  of  this  effect.  The  part  of  the  analytical 
formula  Eq.  (6)  which  changes  from  probe  to  probe  is  the  factor  of  the  ratio  of 
densities  of  states.  From  the  analytical  expression  in  Eq.  (6), 

dn  1,2,3 

dE _  (7) 

dm  1  dm  i  dn  a  ' 

dE  '  dE  '  dE 

is  different  for  each  probe  and  it  changes  as  the  magnetic  field  is  varied.  This  is  very 
different  from  the  four  probe  plate  configuration  where  the  high  probe  symmetry 
plays  an  important  role. 

This  factor  can  become  very  small  if  one  of  the  densities  in  the  denominator 
(see  Eq.7)  is  much  larger  than  the  density  in  the  numerator.  This  is  exactly  the 
situation  which  produces  a  valley  in  the  capacitance  curves  of  Fig.  3,  4  and  5. 
At  higher  B  fields,  the  AB  oscillation  in  capacitance  can  now  take  a  new  form 
as  compared  to  that  reported  before[3].  For  the  three-probe  plate  system,  the 
AB  oscillation  may  manifest  itself  as  a  series  of  evenly  spaced  peaks  (Fig.  4)  as 
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Figure  3:  Capacitative  gate  response  to  injection  from  plate  probe  1  for  a  3-probe 
plate,  obtained  from  the  ID  analytic  model 

observed  before [3]  for  a  two-probe  system,  or  a  series  of  evenly  spaced  valleys  (Fig. 
5),  or  as  a  more  complicated  structure  due  to  competition  of  various  densities  of 
states  (Fig.  3). 

IV.CONCLUSION 

We  have  applied  a  self-consistent  formalism  to  calculate  electrochemical  capac¬ 
itance  in  multiprobe  mesoscopic  capacitors.  Using  a  3D  self-consistent  numerical 
solution  of  the  Poisson  equation  and  the  quantum  scattering  problem,  we  investi¬ 
gated  the  behavior  of  magneto-capacitance  as  the  external  magnetic  field  is  varied. 
Our  numerical  results  have  shown  that  self-consistency  is  essential  to  obtain  quan¬ 
titatively  correct  capacitance  values,  although  the  more  general  magnetic  field 
symmetry  properties  are  not  affected  by  the  self-consistency.  For  the  cases  stud¬ 
ied  here,  the  self-consistency  reduced  the  total  charge  by  about  a  factor  of  ten  as 
compared  to  that  without  self-consistency.  The  numerical  results  can  be  under¬ 
stood  using  a  very  simple  ID  analytical  model,  where  we  use  the  constant  average 
density  of  states  to  make  analytical  predictions.  The  analytical  formula  suggests 
that  the  ratio  of  partial  density  of  states  to  the  total  density  of  states  plays  the 
important  role  in  determining  the  magneto-capacitance  behavior.  The  analytical 
model  is  shown  to  compare  very  well  with  the  full  numerical  solution,  thus  it  is 
useful  for  predictions  of  multiprobe  mesoscopic  capacitors. 
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Figure  4:  Capacitative  gate  response  to  injection  from  plate  probe  2  for  a  3-probe 
plate,  obtained  from  the  ID  analytic  model 


Figure  5:  Capacitative  gate  response  to  injection  from  plate  probe  2  for  a  3-probe 
plate,  obtained  from  the  ID  analytic  model 
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ABSTRACT 

An  approach  to  computation  with  single-electron  circuits  is  discussed  in  which 
information  encoded  in  sensitive  circuit  signatures  is  adaptively  tuned  by 
adjusting  circuit  variables  to  achieve  a  computationally  useful  goal.  Examples  are 
presented  based  on  numerical  simulation  of  model  circuits  in  which  the  adapted 
signatures  are  (1)  conductance  spectra  of  asymmetric  coupled  quantum  dots  and 
(2)  the  bistable  control  phase  diagram  of  driven  quantum  dots. 

INTRODUCTION 

Physical  limitations  on  the  scaling  of  conventional  digital  electronics  [1]  has  led 
to  recent  studies  in  search  of  new  scalable  nanoelectronics  technologies.  These  have 
included  proposals  to  utilize  single-electron  devices  controlled  by  Coulomb  blockade, 
such  as  quantum  dots  and  tunnel  junctions,  as  building  blocks  in  locally-connected 
circuits  to  perform  computational  or  other  useful  tasks  [2-6].  These  include  logic 
circuits  [2],  neural  circuits  [3],  polarization  arrays  [4],  phase-locked  arrays  [5],  and 
digital  circuits  [6].  Computational  tasks  are  accomplished  in  these  designs  by  using 
applied  biases  and  the  mutual  electron  interactions  to  control  electron  transport. 
Successful  operation  requires  that  computational  functions  be  performed  with  sufficient 
precision  in  spite  of  circuit  nonuniformities  and  undesired  interactions  from  the  circuit 
environment.  This  results  in  stringent  requirements  on  design  and  fabrication  because 
of  the  sensitivity  of  single-electron  circuits  to  circuit  variables.  Circuit  architectures  and 
methods  of  computation,  which  can  mitigate  these  concerns,  are  of  central  interest.  An 
attractive  approach  to  these  problems  is  the  use  of  adaptation  and  learning  both  to  attain 
the  goal  of  a  computation  and  enforce  immunity  to  errors  caused  by  material, 
fabrication,  and  physical  processes  [7].  Recently,  investigators  in  the  fields  of  quantum 
chemistry  and  classical  chaos,  which  also  require  control  of  sensitive  systems  in 
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imprecise  environments,  have  successfully  implemented  adaptive  feedback  control  to 
tune  these  systems  to  desired  configurations  [8].  Single-electron  computational  circuits 
are  another  class  of  sensitive  systems  that  should  be  considered  as  candidates  for  use  of 
adaptive  feedback  control. 

In  this  work,  we  consider  an  approach  to  nanoelectronic  computation  in  which 
information  encoded  in  a  single-electron  circuit  signature  is  tuned  by  adjusting 
experimental  variables  using  an  externally  applied  adaptive  algorithm  to  achieve  a 
computationally  useful  goal.  A  circuit  signature  is  any  single-electron  circuit  response 
that  is  sensitive  to  the  configuration  of  circuit  variables  and  is  sufficiently  flexible  to 
allow  useful  adaptation  toward  a  computational  goal.  Examples  of  circuit  signatures 
include  the  conductance  spectrum  for  circuits  composed  of  coupled  quantum  dots,  as 
shown  in  Figs.  1  or  2,  and  the  phase  stability  diagram  for  phase-locked  quantum  dots, 
as  shown  in  Fig.  3.  These  examples  will  be  discussed  in  more  detail  below.  Such 
signatures  are  repeatable  for  given  values  of  the  circuit  parameters  and  applied  biases 
but  are  extremely  sensitive  and  respond  rapidly  to  changes  in  these  experimental 
variables.  This  is  precisely  the  situation  in  which  feedback  control  is  advantageous. 
The  sensitivity  of  the  signatures  to  external  perturbations  suggests  that  adaptive 
feedback  control  can  be  used  to  quickly  tune  the  signature  to  a  desired  pattern  that 
represents  the  solution  to  a  computation  or  could  be  utilized  as  part  of  a  computational 
goal.  This  approach  to  computation  is  expected  to  share  the  robustness  to  errors 
which  is  generally  typical  of  adaptive  processes.  The  feasibility  of  this  proposal  is 
supported  by  recent  reports  [9]  that  Marcus  et  al  have  experimentally  demonstrated  the 
damping  of  conductance  fluctuations  in  quantum  dots  using  feedback  control  of  applied 
voltages. 

In  the  following,  we  will  study  the  response  of  single-electron  circuit  signatures 
to  feedback  control  using  numerical  simulations  of  model  circuits.  In  section  II,  we 
discuss  the  requirements  of  single-electron  circuits  to  usefully  take  advantage  of 
feedback  control  and  the  approach  used  to  utilize  circuit  signatures  for  achieving 
computational  goals.  Section  III  presents  numerical  simulations  of  adaptive  control  of 
different  choices  of  circuit  signatures  for  achieving  computationally  useful  goals. 
Section  IV  summarizes  the  results. 

II.  APPROACH 

Achieving  non-trivial  computation  requires  that  the  circuit  signature  for  a 
quantum  dot  circuit  be  sufficiently  complex  in  order  to  encode  large  numbers  of  bits 
and  thereby  allow  non-trivial  computation;  i.e.  contain  sufficient  numbers  of  degrees  of 
freedom  to  adaptively  tune.  A  sufficient  condition  for  achieving  this  is  to  use  circuits 
with  asymmetric  coupled  quantum  dots.  An  example  is  shown  in  Fig.  1(a)  which  shows 
a  double-dot  system  with  dots  of  different  sizes.  This  circuit  has  both  a  top  gate  and  a 
back  gate.  A  circuit  of  this  type  was  built  by  Blick  et  al  [10]  with  dots  defined  by  split 
gates  in  an  AlxGai-xAs-GaAs  heterostructure.  Two  quantum  dots  of  different  sizes,  and 
thus  different  capacitance,  were  produced  by  applying  appropriate  voltages  to  the  split 
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gates.  The  conductance  of  the  double-dot  system  as  a  function  of  the  top  gate  voltage  is 
observed  to  have  a  complex  but  repeatable  characteristic,  similar  to  that  shown  in  Fig. 
1(b).  For  identically  sized  dots,  the  conductance  spectrum  is  symmetric  and  periodic, 
whereas  an  asymmetry  in  dot  sizes  produces  a  complex  spectrum,  almost  random  in 
appearance,  due  to  the  mismatch  in  charging  energies  of  the  two  dots.  This  effect  is 
known  as  the  stochastic  Coulomb  blockade  [11].  The  complexity  of  the  spectrum  in 
such  asymmetric  circuits  means  that  designs  utilizing  only  a  few  dots  can  in  principle 
produce  very  complex  patterns  that  can  be  useful  toward  a  computational  goal. 

The  conductance  spectrum  is  extremely  sensitive  to  the  size  and  shape  of  the  dots 
as  well  as  other  experimental  parameters  such  as  the  applied  voltages.  In  this  double¬ 
dot  circuit,  the  conductance  versus  top  gate  voltage  spectrum  can  be  considered  as  a 
signature  of  the  circuit  with  a  complex  but  unique  pattern  that  characterizes  the  circuit 
for  particular  values  of  the  circuit  parameters,  source-drain  voltage,  and  back  gate 
voltage.  The  measured  conductance  signature  was  observed  to  change  dramatically  as 
the  value  of  the  back  gate  voltage  was  changed;  see  Fig.  1  in  Ref.  [10].  It  is  clear  from 
this  that  if  the  back  gate  voltage  were  changed  systematically  by  means  of  an  externally 
applied  adaptive  algorithm,  the  shape  of  the  signature  could  be  manipulated  and 
controlled  to  approximate  a  desired  pattern.  In  general,  several  adaptive  variables 
could  be  used  to  obtain  more  flexibility  in  the  tuning  of  the  signature.  For  instance,  in 
addition  to  the  back  gate  voltage,  the  relative  sizes  of  the  dots  could  also  be  changed  by 
means  of  split  gate  voltages.  There  are  numerous  ways  in  which  this  procedure  could  be 
used  to  achieve  a  computationally  useful  goal.  An  illustrative  example  is  shown  in  Fig. 
1(b)  in  which  we  consider  tuning  the  conductance  signature  to  conform  to  training 
inputs  (shown  by  the  black  dots)  in  order  to  perform  classifier  training.  The  tuning  can 
be  carried  out  by  applying  an  adaptive  algorithm  to  find  a  near  minimum  of  a  cost 
function,  such  as  Cost  =  , where  GTRAJNJ  are  the  training  input  values. 

Adaptive  algorithms  are  available  which  can  efficiently  find  very  good,  though  not 
necessarily  optimum,  solutions.  The  training  of  circuits  for  data  interpolation,  pattern 
recognition  and  pattern  classification  have  been  successful  computational  tasks  for 
neural  networks  and  these  can  be  performed  by  single-electron  circuit  signatures  as 
well.  There  are  numerous  other  candidates  for  both  single-electron  circuit  signatures 
and  methods  of  implementing  computational  goals  by  adaptive  tuning.  In  the  following 
section,  two  examples  based  on  numerical  simulation  of  model  circuit  responses  to 
adaptive  tuning  will  be  briefly  discussed  in  order  to  indicate  the  range  of  possibilities  in 
this  area. 


III.  RESULTS 

In  these  examples,  calculations  were  carried  out  using  the  orthodox  Coulomb 
blockade  model  [2]  to  describe  the  electron  transport.  Currents  were  calculated 
numerically  using  a  Monte  Carlo  procedure  [12].  The  nominal  values  of  parameters 
were  Rj  =  102  kQ,  Cj  =  10  aF,  Co  =  5  aF,  VSD  =  5  mV,  and  T  =  10  K.  The  generalized 
downhill  simplex  algorithm  [13]  was  used  to  perform  the  adaptive  tuning  of  circuit 
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variables  and  search  for  a  near  optimum  solution  of  minimizing  a  cost  function  within  a 
specified  error  resolution.  The  simplex  algorithm  does  not  require  computing 
derivatives  of  the  cost  function  and  efficiently  finds  a  solution  by  sweeping  over  the 
landscape  of  the  cost  function  for  the  adaptive  variables.  In  each  case,  a  cost  function 
is  chosen  which  will  implement  a  computation  or  result  in  a  circuit  which  has  a 
computational  use. 

Figure  2  shows  an  example  of  generating  Boolean  strings  by  adaptive  tuning  of  a 
single-electron  circuit.  The  single-electron  circuit  is  composed  of  two  asymmetric 
quantum  dots  with  two  current  channels,  Ii  and  I2.  A  tunnel  junction  couples  the  two 
dots  so  that  electrons  can  move  between  the  two  channels.  This  coupling,  along  with 
the  asymmetry  of  the  dots,  allows  the  conductance  spectra  of  these  channels  to  be  quite 
complex  in  shape.  The  normalized  conductance  spectrum  of  channel  1  versus  the  top 
gate  voltage  is  used  as  the  circuit  signature.  To  keep  the  peak  structure  well  defined, 
conductance  peaks  are  grouped  within  a  resolution  AVGt,  which  has  the  effect  of 
coarse-graining  the  spectra.  To  generate  the  strings,  each  conductance  peak  Pj  is 
assigned  a  digit  Sj  =  0  or  1  by  the  rule  that  Si  =  1  if  Pj  >  0.5  and  Si  =  0  if  Pi  £  0.5.  The 
adaptive  variables  used  for  tuning  were  the  back  gate  voltage  and  the  relative  dot  sizes. 
Applying  the  adaptive  algorithm,  it  is  found  that  the  circuit  can  readily  generate  an 
arbitrary  training  input  binary  string  by  adaptively  tuning  these  adaptive  variables  as 
shown  in  Fig.  2(b).  The  ability  of  the  circuit  to  generate  the  proper  string  without  error 
is  enhanced  by  the  fact  that  many  different  conductance  spectra  can  generate  the  same 
string.  String  generation  is  also  robust  to  random  modifications  of  the  circuit.  For 
example,  it  was  found  that  random  offset  charge  added  to  each  of  the  dots  does  not 
deteriorate  the  ability  of  the  circuit  to  find  adaptive  solutions.  This  suggests  that  the 
approach  would  be  viable  for  real  nonideal  circuits.  The  generated  strings  corresponded 
to  current  channel  1,  but  note  that  there  is  also  a  string  corresponding  to  current  channel 
2.  These  strings  are  interacting  due  to  the  coupling  between  the  dots.  With  additional 
circuitry,  it  is  possible  to  actually  combine  strings  and  carry  out  logical  functionality  by 
adaptively  tuning  the  circuit. 

Figure  3  shows  an  example  of  adaptively  generating  a  phase  diagram  for  control 
of  driven  single-electron  circuits.  These  are  bistable  phase-locked  single-electron 
tunneling  circuits  composed  of  capacitively  coupled  quantum  dots.  They  are  driven  by 
a  common  ac  pump  voltage  at  frequency  2©se  and  an  input  ac  voltage  Vin  at  frequency 
cose-  These  circuits  were  proposed  by  Kiehl  and  Oshima  [5]  as  a  basis  for 
computational  circuitry  in  which  information  is  stored  in  the  phase  state  of  single¬ 
electron  tunneling  oscillations.  They  showed  that  a  dc  voltage  ramped  on  at  time 
tcLocK  results  in  bistable  steady-state  junction  voltages  that  oscillate  in  one  of  two 
modes  :  mode  1  or  mode  2.  The  mode  is  determined  by  the  two  phases  :  the  input 
voltage  phase  <j>iN  and  the  dc  clock  phase  <|>clock  =  g>se  tcLocx-  These  generate  a 
bistability  phase  diagram  of  the  type  shown  in  Fig.  3(b)  that  determines  how  these 
circuits  are  controlled  during  a  computation.  The  regions  occupied  by  modes  1  and  2  in 
the  phase  diagram  are  sensitive  to  the  values  of  the  circuit  parameters  and  can  exhibit  a 
great  range  of  area  and  shape.  Thus  the  bistability  control  phase  diagram  for  the  phase- 
locked  circuits  is  another  candidate  for  a  sensitive  circuit  signature  which  is  amenable 
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to  being  tuned  by  adaptive  feedback  control.  An  example  is  shown  in  Fig.  3(b)  in 
which  a  training  input  bistability  diagram  was  used  to  tune  the  circuit  to  a  specified 
pattern  :  mode  2  within  the  white  square  and  mode  1  outside  the  white  square.  The  dot 
size  was  adjusted  as  the  adaptive  variable  and  the  circuit  was  tuned  to  this  training 
input.  The  adaptive  solution  correctly  generated  mode  2  within  the  white  square, 
although  small  errors  were  generally  observed  in  which  small  regions  of  mode  2  leak 
out  into  mode  1.  The  crosshatched  areas  in  Fig.  3(b)  show  a  typical  example  of  these 
errors.  These  errors  can  be  reduced  by  using  additional  adaptive  variables  and  by 
increasing  the  error  resolution  of  the  simplex  algorithm.  Equally  good  solutions  were 
found  with  circuits  containing  additional  random  offset  charge,  again  demonstrating  the 
robustness  of  adaptive  control  methods. 

IV.  CONCLUSIONS 

Adaptive  methods  are  attractive  for  single-electron  computational  circuits  because 
of  the  difficulty  of  ensuring  the  stringent  specifications  of  fabrication  and  materials 
required  for  reliable  operation  of  single-electron  designs.  Uncontrollable  modifications 
of  the  circuit  operation  due  to  random  background  charge,  nonuniformities  in  circuit 
parameter  values,  and  error  sources  such  as  thermal  and  cotunneling  processes  can  all 
deteriorate  the  operation  of  single-electron  circuits.  Adaptive  tuning  may  be  able  to 
compensate  for  these  to  some  extent  by  finding  a  circuit  configuration  that  optimizes 
circuit  operation  in  the  presence  of  these  uncontrollable  processes.  The  extent  to  which 
this  is  possible  can  only  be  learned  by  studying  the  response  of  individual  circuit 
designs  and  methods  of  implementing  computation  both  experimentally  and  in 
simulation.  One  could  consider  attempting  to  optimize  the  performance  of  existing 
single-electron  circuits,  such  as  SET’s,  using  adaptive  methods.  However,  in  this  work 
we  have  focused  on  adaptively  tuning  sensitive  and  flexible  circuit  signatures  to  take 
full  advantage  of  adaptive  methods.  These  can  encode  a  large  amount  of  information 
using  circuits  consisting  of  only  a  few  dots  and  tunnel  junctions  and  present  large 
numbers  of  degrees  of  freedom  for  adaptive  tuning.  The  simulation  examples 
presented,  which  tuned  conductance  spectra  and  bistability  phase  diagrams,  showed 
robust  ability  to  obtain  good  solutions.  The  adaptive  tuning  studied  here  was 
externally  applied  and  this  would  need  to  be  implemented  by  external  circuitry  in  an 
actual  experiment.  The  recent  experimental  achievement  [9]  of  feedback  control  of 
conductance  fluctuations  gives  confidence  in  the  feasibility  of  this  proposal.  However, 
it  would  be  desirable  to  go  beyond  this  and  find  methods  for  implementing  adaptive 
control  locally  and  autonomously  as  part  of  the  same  circuitry. 
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Figure  1  :  (a)  Circuit  composed  of  two  coupled  asymmetric  quantum  dots  (after 
Ref.  10).  (b)  Schematic  illustration  of  tuning  a  circuit  signature  by  adaptive 
feedback.  In  this  example,  the  circuit  signature  is  the  conductance  spectrum  for  the 
top  gate  voltage  and  an  externally  applied  adaptive  algorithm  tunes  the  conductance 
spectrum  to  conform  to  training  inputs  (solid  dots),  i.e.  classifier  training,  by 
adaptively  adjusting  circuit  variables  such  as  the  back  gate  voltage  and  the  relative 
dot  size. 
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Figure  2  :  (a)  Circuit  composed  of  two  asymmetric  quantum  dots  with  two  coupled 
current  channels,  (b)  Adaptive  solution  for  the  normalized  conductance  of  channel 
#1  corresponding  to  a  training  input  binary  string. 


Figure  3  :  (a)  Bistable  phase-locked  single-electron  circuit,  (b)  Adaptive  solution 
for  the  bistability  phase  diagram  corresponding  to  a  training  input  phase  diagram. 
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FAULT  RATES  IN  NANOCHIPS 


S.  Spagocci,  T.  Fountain 
University  College  London 
Gower  Street,  London  WC1E  6BT,  England 

ABSTRACT 

In  this  paper  we  address  the  problem  of  estimating  nanochip  error  rates,  taking  intrinsic  error  rates 
and  fault-tolerant  techniques  into  account.  In  particular  we  first  describe  cascaded  triple  modular 
redundancy  (CTMR),  an  iterated  version  of  triple  modular  redundancy  that  we  believe  might 
greatly  improve  the  potentialities  of  the  latter,  while  retaining  its  advantages.  In  particular  CTMR 
is  expected  to  be  particularly  suitable  for  online  implementation.  We  then  analyze  intrinsic  error 
rates  for  logic  gates  based  on  single  electron  devices  and  quantum  cellular  automata,  respectively. 
Intrinsic  error  rates  in  such  devices  clearly  show  the  necessity  of  fault-tolerant  techniques.  We  then 
show  that,  through  application  of  CTMR,  chips  containing  ~  1011  such  devices  can  be  made 
perfectly  reliable,  at  least  as  far  as  intrinsic  runtime  errors  are  concerned,  with  a  level  of 
redundancy  of  *  100  at  worst.  This,  however,  requires  carefully  tuning  the  devices’  operating 
conditions  and  design  solutions. 


INTRODUCTION 

The  proposed  introduction  of  nanometer-scale  components  should  make  it  possible  to 
conceive  chips  containing  up  to  1012  logic  gates.  This  would  be  particularly  interesting  for 
the  implementation  of  parallel  systems  on  a  single  chip.  For  such  an  assembly  to  work,  the 
introduction  of  fault-tolerant  techniques  seems  inevitable.  The  huge  number  of  devices 
makes  the  chip  unreliable,  even  if  the  devices  are  highly  reliable  in  themselves. 

We  believe  that  triple  modular  redundancy  (TMR) 111  is  a  fast  and  easily  implemented  fault 
tolerant  technique.  In  TMR,  the  place  of  each  device  is  taken  by  a  block  of  three  identical 
devices  and  majority  voting  is  performed  among  them.  When  TMR  is  not  enough,  we 
propose  the  use  of  cascaded  triple  modular  redundancy  (CTMR).  In  this  approach,  the 
devices  are  first  clustered  and  TMR  is  applied  to  the  clusters.  The  voting  circuits  are  then 
suitably  clustered  and  TMR  is  applied  again.  The  process  is  iterated  for  a  number  of  steps. 

We  first  considered  single-electron  devices,  of  which  the  electron  pump  121  is  a  prototype. 
The  electron  pump  is  an  array  of  metallic  islands,  separated  by  nanometer-scale  junctions, 
through  which  an  electron  is  made  to  tunnel  sequentially.  Logic  gates  based  on  the 
electron  pump  have  been  proposed  t31.  At  high  frequencies,  the  main  error  source  arises 
from  pumping  the  electron  too  fast,  so  that  the  desired  tunneling  process  is  missed  4  6 . 
We  predict  complete  reliability  for  a  system  with  1011  effective  devices  at  GHz  frequency 
and  room  temperature,  with  4  TMR  levels. 

We  also  considered  quantum  cellular  automata  [7].  A  QCA  cell  is  a  square  array  of  4 
quantum  dots,  occupied  by  two  electrons.  The  cell  has  two  stable  states,  which  are  taken 
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to  mean  0  and  1.  Due  to  electrostatic  repulsion,  each  cell  interacts  with  its  neighbors. 
QCA  logic  gates  based  on  this  principle  have  been  proposed  I81.  The  main  error  source 
arises  from  thermal  excitation  pl,  which  may  create  a  kink  in  a  row  of  previously  aligned 
cells,  thus  giving  a  wrong  answer.  We  predict  complete  reliability  for  a  system  with  1011 
effective  devices  at  GHz  frequency  and  liquid  nitrogen  temperature,  with  3  TMR  levels. 

2  CASCADED  TRIPLE  MODULAR  REDUNDANCY 

Since  cascaded  triple  modular  redundancy  is  an  iterated  version  of  the  well  known 
technique  of  triple  modular  redundancy  m,  the  latter  will  be  briefly  described  here.  In  TMR 
the  place  of  each  potentially  faulty  unit  is  taken  by  a  block  of  three  identical  units,  and 
majority  voting  is  performed  among  them.  This  works  well  provided  one  is  dealing  with 
binary  units,  under  the  assumption  that  a  fault  can  only  flip  the  unit's  answer  and  the  voting 
circuitry  is  perfectly  reliable.  If  the  working  circuitry  is  not  perfectly  reliable,  the  formalism 
has  to  be  suitably  modified. 

A  TMR  unit  fails  when  either  two  or  three  units  out  of  three  fail.  The  probability  of  such 
an  event  to  occur,  Pf/m*,  can  be  calculated  by  a  binomial  distribution,  as  follows: 

Pf!Mr=  (P/)3+  3'  (P/)2-  d-Pf)  (1) 

Eq.  (1)  takes  an  even  simpler  form  if  one  considers  the  limiting  case  in  which  the  intrinsic 
probability  for  an  element  to  fail  is  small.  As  we  see  in  the  following  sections,  this  will  be 
the  case  in  our  work.  By  taking  a  first-order  Taylor  expansion  of  Eq.  (1),  one  obtains: 

P/lmr  =  3  •  (/>)2  (2) 


For  the  general  case  of  an  imperfect  voting  circuitry,  with  failing  probability  Pv,  we  have  to 
consider  that  the  TMR  unit  gives  a  wrong  answer  if  either  majority  voting  would  give  a 
wrong  answer  and  the  voting  circuit  works,  or  majority  voting  would  give  a  right  answer 
and  the  voting  circuitry  fails.  If,  furthermore,  we  consider  a  cluster  of  Ng  gates,  Eq.  (2) 
generalises  to: 


P//mr  =  3-  (Ng-Pf)2  +  Pv  (3) 

We  are  now  ready  to  discuss  cascaded  triple  modular  redundancy  in  detail.  According  to 
CTMR,  the  potentially  faulty  units  are  first  clustered  in  a  suitable  way,  and  triple  modular 
redundancy  is  applied  to  the  clusters.  The  voting  circuits  are  then  suitably  clustered,  as 
well,  and  triple  modular  redundancy  is  applied  to  each  cluster.  The  process  is  iterated  for  a 
number  of  steps,  as  in  Fig.  (1).  The  intrinsic  reliability  of  both  the  functional  units  and  the 
voting  circuitry  impose  a  bound  on  cluster  size  and  the  number  of  cascaded  levels. 
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Let  us  consider  a  chip  containing  clusters  of  Ng  identical  logic  gates.  The  gates  have  a 
faulting  probability  Pf;g.  The  voting  circuits  have  a  faulting  probability  Pf;v.  Both 
probabilities  are  assumed  to  be  small.  We  deal  with  two  possible  regimes.  In  the  first 
regime,  the  voting  circuitry  can  be  considered  as  perfectly  reliable  in  comparison  to  the 
TMR  units.  In  the  second  regime,  the  TMR  units  can  be  considered  as  perfectly  reliable  in 
comparison  to  the  voting  circuits.  The  two  regimes  will  be  referred  to  as  the  perfect  voting 
circuitry  (PVC)  regime  and  the  imperfect  voting  circuitry  (I VC)  regime. 

In  the  PVC  regime,  the  voting  circuitry  is  supposed  to  be  much  more  reliable  than  the 
clusters.  We  then  require  that,  in  Eq.  (3): 

3-  (Ng-  Pf.g)2  >10-  Pf.v  (4) 

By  iterated  use  of  Eq.  (3),  taking  Eq.  (4)  into  account,  it  is  possible  to  calculate  the  failing 
probability  of  a  cluster  at  the  i*  CTMR  stage,  Pf/tmnc(i),  and  its  minimum  size,  Nmin(i). 
under  the  hypothesis  that  Pv  =  Pf:g. 

In  particular,  one  obtains: 

Pf/tmncV)=™i'Pfx  (5) 

and: 


The  chip’s  failing  probability  after  i  CTMR  stages,  PfAmr(i).  can  be  written  as: 


Pfltmrtt)  ~  i  ’  Pfitmr\c  W 

riAuw 


where  the  product  in  Eq.  (7)  can  be  calculated  by  making  use  of  decimal  logarithms: 


«  »-(3-0  _1 

n*mi„fe>=io  4  ■o-Pf.gf2 


We  can  then  give  a  final  expression  for  the  failing  probability  of  a  chip  with  i  CTMR 
stages. 
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In  particular,  we  have: 


Hi+D  / 

Pf/tmrV)  =10  4  ‘  (3'P/^)2  *  (Ng  -Pf}g)  (9) 

Differentiation  of  Eq.  (9)  with  respect  to  i  shows  that  Pf/ta,  (i)  is  monotonically  decreasing 
with  i.  It  is  therefore  advisable  to  have  as  many  CTMR  levels  as  possible.  The  very  nature 
of  the  iteration  process,  however,  prevents  it  from  going  on  forever.  In  fact,  the  maximum 
number  of  stages  is  defined  by  the  condition: 

Ng 

- - 1 - =  1  (10) 

s=l 


Equivalently,  the  maximum  number  of  stages  is  given  by  i^x,  where  w  is  the  integer  part 
of  the  number  i  satisfying  Eq.  (10)  in  conjunction  with  Eq.  (8).  If  a  number  w  of  stages  is 
not  enough,  it  is  further  possible  to  apply  TMR  to  the  whole  chip,  by  using  micron-scale 
voting  circuitry. 

The  chip’s  failing  probability,  then,  becomes: 

Hl+l)  i_ 

Pf,MrV)  =  3-{10  *  ■(i-Ps,g)2.(Ng.p/.g)]i  (ID 

where  i  =  w. 

In  the  I  VC  regime,  the  clusters  are  supposed  to  be  much  more  reliable  than  the  voting 
circuitry.  We  will  see  that,  by  following  a  suitable  clustering  scheme,  it  is  possible  to  bring 
the  whole  chip  to  have  the  same  faulting  probability  as  that  of  an  individual  gate.  In  order 
to  implement  this  regime,  we  require  that  in  Eq.  (3): 

3-vri-p/*>a*Wp/S'  <12> 

It  follows  than  that  the  clusters  must  have  a  maximum  size,  at  any  stage  and  under  the 
hypothesis  that  Pf;g  =  Pv,  given  by  the  following  expression: 


30  ■Pf.s 


(13) 


We  can  now  calculate  the  faulting  probability  of  a  cluster  after  i  CTMR  stages. 
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In  particular,  we  obtain: 


PfIMrU)=J^Y-P,,i  U4) 

'i¥ma x' 

By  differentiating  Eq.  (14),  used  in  conjunction  with  Eq.  (13),  with  respect  to  i,  Pf/unr  (0  is 
seen  to  be  monotonically  decreasing  with  i.  One  therefore  needs  as  many  CTMR  stages  as 
possible.  The  iteration  process,  of  course,  cannot  go  on  indefinitely.  The  maximum 
number  of  stages  is  defined  by  the  condition: 


N„ 


(AUx>‘ 


7  =  1 


(15) 


which  translates  into: 

Log{Ng) 

W  =  [-2  •  Logm.Pfs)  1+1 


(16) 


where  [.]  is  the  integer  part  function. 


We  then  obtain  a  surprising  simple  expression  for  the  chip’s  overall  failing  probability: 


Pfltmr  ~  Pf\g 


(17) 


If  needed,  it  is  then  possible  to  apply  TMR  to  the  chip’s  output,  using  a  voting  circuitry 
much  more  reliable  than  the  chip's  gates  (micron-scale  technology,  in  practice).  The 
system’s  failing  probability  then  becomes: 

P/lmr  =  3  •  (Pf.g)2  (18) 

The  previously  derived  formulae  refer  to  an  idealised  clustering  scheme.  Real-world  design 
solutions,  presumably,  can  only  approximate  such  a  scheme. 


3  ERROR  RATES  IN  SEDs 


The  first  class  of  devices  we  considered  was  single-electron  devices  (SEDs),  of  which  the 
electron  pump  121  is  a  prototype.  The  electron  pump  is  an  array  of  metallic  islands, 
separated  by  nanometer-scale  junctions,  through  which  an  electron  is  made  to  tunnel 
sequentially.  A  single-electron  switch t3],  based  on  the  electron  pump  principle,  is  shown  in 
Fig.  (2).  When  the  control  island  is  free,  the  input  electron  is  made  to  turn  left.  When  it  is 
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occupied  by  an  electron,  repulsion  makes  the  previous  path  energetically  unfavorable.  The 
input  electron,  then,  turns  right. 

The  single  electron  switch  is  the  building  block  of  a  family  of  logic  gates  131 ,  which  we 
show  in  Figs.  (3)  and  (4).  We  first  describe  the  error  sources  affecting  electron  pumps, 
since  fault  rates  for  electron  pumps  have  been  investigated  both  theoretically  14,101  and 
experimentally  I5,6,ul.  The  results  are  then  extended  to  the  previously  mentioned  SED- 
based  logic  gates. 

There  are  three  kinds  of  fault  sources  affecting  an  electron  pump  w:  frequency,  thermal 
and  cotunnelling  errors.  In  frequency  errors,  the  electron  is  pumped  too  fast  as  compared 
to  the  half  life  for  the  tunnelling  process,  so  that  the  desired  tunnelling  process  is  missed. 
In  thermal  errors,  the  electron  goes  the  wrong  way,  acquiring  the  necessary  energy 
through  thermal  exchange  with  the  environment.  In  cotunnelling  errors,  the  electron  goes 
the  wrong  way  by  simultaneously  tunnelling  through  all  its  junctions. 

Experimentally,  the  main  fault  source  for  electron  pumps  at  the  micron  scale,  operated  at 
more  than  -  1  MHz,  is  frequency  errors  I5,6,111.  The  corresponding  error  rate  per  clock 
cycle,  Pf;g,  is  shown  to  have  the  form 141 : 

P^  =  exp("^§7)  (19) 

with: 


a 


n-1 
8 -n2 


(20) 


where  R  and  C  are  the  tunnelling  junction’s  resistance  and  capacitance,  respectively,  f  is 
the  clock  frequency  and  n  is  the  number  of  junctions  in  the  pump.  Eq.  (19)  simply 
represents  the  probability  that  the  electron  has  not  tunnelled  through  the  junction  after  the 
pulsing  cycle  is  completed.  If  the  tunnelling  process  is  missed,  the  electron  goes  back 
through  the  pump  by  cotunnelling,  in  a  small  time-scale  as  compared  to  the  clocking  time 


At  frequencies  below  -  1  MHz  the  error  rate  approaches  an  asymptotic  value  13,6,1  n,  as 
shown  in  Fig.  (5).  The  most  likely  candidate  is  photon-assisted  cotunnelling  [5,6,10'111.  The 
electron  tunnels  the  wrong  way,  by  absorbing  energy  from  the  environmental  noise.  The 
most  likely  noise  candidate  seems  to  be  charge  traps  on  the  device  substrate,  which  slowly 
relax  with  time  l5i.  A  fault  rate  per  cycle  of  -  HT8  was  observed  for  a  7-junction  electron 
pump  operating  at  35  mK,  with  micron-scale  islands  [6,nl.  A  fault  rate  per  cycle  of  ~  10-6 
was  instead  observed  for  a  5-junction  electron  pump,  under  similar  conditions Isl. 
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Errors  in  electron  pumps  are  controlled  by  suitable  adimensional  parameters. 
For  frequency  and  cotunnelling  errors  the  parameter  is 141 : 

R-C-f  <21) 

which  is  essentially  the  ratio  between  the  pumping  time  and  the  time-scale  for  the 
tunnelling  process.  For  thermal  errors  the  relevant  parameter  is [41: 

_ — —  (22) 

C-k-T 

Eq.  (22)  essentially  represents  the  ratio  between  the  energy  jump  due  to  a  tunnelling  event 
and  the  thermal  energy  at  the  operating  temperature. 

The  experimental  or  calculated  data  on  failure  rates  we  are  aware  of  refer  to  micron-scale 
devices.  We  need  them  at  the  nanometer  regime.  We  then  introduce  a  parameter  X,  the 
ratio  between  the  target  length  scale  and  the  length  scale  of  available  results. 

As  shown  in  Ref. 1121 ,  the  effective  junction  capacitance  can  be  calculated  as: 

c  =  Cj  +  q  <23) 

where  Q  is  the  junction  capacitance  and  Cj  is  the  island  s  capacitance  to  earth.  The 
junction  capacitance  can  be  approximated  by  a  parallel-plate  capacitor  of  area  A,  separated 
by  a  gap  d  [13).  Since  the  tunnelling  junction  is  already  at  the  nanometer  level,  we  do  not 
need  to  vary  the  width  d.  The  effective  area  A,  instead,  scales  as  X2.  Then: 

Cj  ~  A2  <24> 

The  island  capacity  to  earth  can  be  calculated  by  approximating  it  to  a  tridimensional 
metallic  sheet  .  So: 

q  -  A  W 

Provided  X  is  much  smaller  than  one  (X  -  10 3  in  our  case),  the  stray  capacitance  Cj  will 
dominate  in  Eq.  (23).  The  total  capacitance,  then,  has  the  same  scaling  law  as  the  stray 
capacitance,  as  given  by  Eq.  (25). 

Experimentally,  C  -  0.1  fF  at  the  micron  scale  t5,61.  Consequently,  we  predict  C  -  0.1  aF  at 
the  nanometer  scale.  Incidentally,  it  has  to  be  seen  whether  an  electron  pump  dominated 
by  its  stray  capacitance  would  still  work. 
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An  expression  for  the  tunneling  junction  resistance  is  given  in  Ref.  l141.  Using  such  an 
expression,  it  is  possible  to  show  that  the  effect  of  the  scaling  on  R  can  be  compensated  by 
shortening  the  tunnelling  barrier  by  6d,  where  6d  -  0.1  nm.  Experimentally,  R  -  0.1  MQ 
for  a  micron  scale  pump 15,61 .  Therefore,  we  assume  a  similar  value  for  the  nanometer  scale. 

Since  the  junction  resistance  R  can  be  kept  constant  by  displacing  the  tunnel  junction,  we 
only  have  to  worry  about  the  products  C*f  and  OT  as  long  as  scaling  is  concerned.  The 
experimental  data  for  fault  rates  in  micron-scale  electron  pumps  were  obtained  for  a  clock 
frequency  of  -  1  MHz  and  an  operating  temperature  of  -  0.3  K.  We  now  need  to  scale 
such  data  to  nanometer-scale  pumps  with  a  clock  frequency  of  ~  1  GHz  and  an  operating 
temperature  of  -  300  K  (room  temperature).  Our  change  of  conditions  can  be  described 
by  the  transformations  f  -»  103  •  f  and  T  — >  103  •  T.  On  the  other  hand,  since  we  are 
passing  from  the  micron  to  the  nanometer  scale,  k  -»  10'3  •  X.  The  products  Of  and  OT 
are  then  kept  constant  and,  according  to  Eqs.  (21),  (22)  and  (25),  even  the  error  rates  and 
their  relative  importance. 

To  our  knowledge,  no  quantitative  treatment  on  error  rates  in  SED-based  logic  gates  has 
been  proposed.  Such  gates  are  affected  by  two  different  kinds  of  errors:  switching  errors 
and  pump  errors.  The  electron,  in  fact,  can  be  switched  the  wrong  way,  or  it  can  travel 
back  through  one  of  the  electron  pumps  composing  the  gates.  In  general,  we  can  imagine 
two  distinct  regimes,  in  which  either  error  dominates.  Pumping  errors  can  be  made  smaller 
by  adding  a  suitable  number  of  junctions  to  the  input  and  output  lines.  However,  switching 
errors  fix  an  upper  limit  for  device  dimensions,  since  above  a  certain  size  they  dominate 
over  pumping  errors,  making  any  improvement  in  pumping  accuracy  pointless. 

We  considered  an  array  of  -  1011  SDE-based  electron  gates  131 .  Simulation  results  on  error 
rates  in  single  electron  switches  are  described  in  Ref. II51.  Error  probabilities  of  -  10'8  and 
-  10*4  are  reported  for  right  and  left  switching,  respectively.  The  overall  switching  error 
probability  is  therefore  of  ~  10"4.  Such  an  error  rate  would  imply  a  lifetime  of  -  10'2  sec, 
with  9+1  CTMR  levels,  which  is  clearly  unacceptable.  Therefore,  the  electron  gates  have 
to  be  redesigned,  so  as  to  reduce  switching  errors  to  an  acceptable  level.  By  adding  a 
suitable  number  of  junctions  to  the  input  and  output  lines,  respectively,  it  is  then  possible 
to  reduce  pumping  errors.  In  the  following  we  assume  that  the  gates  have  been  suitably 
redesigned.  We  have  preliminary  indications  that  such  a  redesign  process  is  possible. 
However,  our  design  solution  has  to  be  further  checked. 

We  can  now  give  predictions  on  the  lifetimes  and  redundancies  of  SED-based  chips.  For 
an  array  of  -  1011  effective  gates  working  at  -  1  GHz,  a  design  based  on  the  7-junction 
electron  pump  (Pf:g  «  10*8)  implies  a  lifetime  of  -  1  month,  with  4+1  CTMR  levels.  With  a 
design  based  on  the  9-junction  electron  pump  (Pf;g  =  10'10,  as  extrapolated  from  the  error 
rates  of  the  5  and  7-junction  electron  pumps,  by  using  the  cotunneling  expression  of 
Ref.  I41),  this  result  can  be  greatly  improved.  An  “infinite”  lifetime  is  predicted,  with  3+1 
CTMR  levels.  The  corresponding  redundancy  level  is  81. 
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The  linear  dimensions  of  a  SED-based  chip  with  ~  1011  effective  gates  (but  -  1013  total 
gates)  and  3+1  CTMR  stages  are  estimated  to  be  -  1  cm.  From  this  point  of  view,  the 
proposed  solution  seems  to  be  realistic.  However,  power  dissipation  would  pose  serious 
difficulties.  Powering  the  devices  with  nanometer-wide  buses  feeding  rows,  in  fact,  would 
imply  a  power  dissipation  of  ~  100  MW,  which  is  a  physically  absurd  result.  On  the  other 
hand,  widening  the  buses  so  as  to  bring  power  dissipation  at  the  level  of  -  1  W  would 
imply  a  chip  having  one  side  10  km  long,  which  is  again  absurd.  A  power  dissipation  of 
-  1  W  could  be  obtained  by  feeding  each  gate  independently  or,  equivalently,  by  making 
pump  islands  stick  out  of  a  metallic  base  the  size  of  the  chip,  which  would  carry  the 
power.  The  proposed  powering  solution  would  be  hardly  feasible  with  the  multiphase 
pulsing  scheme  proposed  in  Ref. I4i.  Presumably,  a  single-phase  design  like  that  of  Ref.  1161 
should  be  considered. 


4  ERROR  RATES  IN  QCAs 

We  also  considered  quantum  cellular  automata  (QCAs) 171 ,  A  QCA  cell  is  a  square  array  of 
four  quantum  dots,  occupied  by  two  electrons.  The  cell  has  two  stable  states, 
corresponding  to  electrons  sitting  at  the  ends  of  each  diagonal.  Each  cell  is  influenced  by 
its  neighbors  through  electrostatic  repulsion.  A  family  of  QCA  logic  gates  based  on  this 
principle  has  been  proposed  !s|.  We  show  them  in  Figs.  (6)  and  (7). 

The  main  error  source  in  QCA-based  devices  arises  from  thermal  excitation  I9\  which  may 
create  kinks  in  a  row  of  previously  aligned  cells,  thus  giving  a  wrong  output.  See  Fig.  (8) 
for  the  one-kink  case.  To  our  knowledge,  no  detailed  account  of  QCA  fault  rates  has  been 
given.  We  assume  that  such  error  rates  can  be  estimated  from  thermodynamic 
considerations,  following  the  qualitative  remarks  of  Ref.  . 

The  applicability  of  thermodynamic  considerations  is  not  a  priori  guaranteed,  since  the 
device  might  not  have  enough  time  to  explore  higher  excited  states  during  its  clock  cycle. 
However  we  think  that,  at  least  in  one  of  the  possible  operating  regimes  for  QCAs,  the  use 
of  thermodynamic  arguments  can  be  justified.  In  the  so-called  adiabatic  switching  regime 
I91,  in  fact,  the  clocking  time  tc  is  chosen  to  be  much  longer  than  the  time  corresponding  to 
the  energy  splitting  between  the  ground  state  and  the  first  excited  state  of  a  QCA  unit  (a 
gate  or  a  wire).  If  the  first  excited  state  has  an  energy  splitting  of  AE  with  respect  to  the 
ground  state,  the  previously  mentioned  condition  translates  into fl7): 


tr  » 


h 

A E 


(26) 


Condition  (26)  is  verified  even  for  the  higher  rank  states,  since  their  energy  splitting  is 
AE  >  AE.  The  unit  is  then  prevented  from  getting  stuck  on  a  metastable  excited  state  ll7). 
We  think  that  such  a  condition  also  gives  the  unit  time  to  explore  higher  rank  states 
through  thermal  excitation,  therefore  validating  the  use  of  thermodynamic  arguments. 
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We  obtained  an  order-of  magnitude  estimation  for  fault  rates  in  a  QCA  unit  by  considering 
the  case  of  a  QCA  wire.  This  approach  has  been  invoked  for  approximated  considerations 
on  QCA  fault  rates  [91.  By  applying  Boltzmann’s  statistics,  the  transition  probability  to  the 
n*  excited  state  of  an  assembly  of  N  QCA  cells  is  calculated  to  be: 


Pf  ;g  -  8n  * 


exp 

lexp(-H) 


(27) 


In  Eq.  (27),  g„  is  the  degeneracy  of  the  n*  excited  level.  In  the  case  of  a  QCA  wire,  g„  is 
the  number  of  ways  in  which  n  kinks  can  be  chosen  from  N-l  positions: 


8n  — 


(28) 


while  AE„  is  the  splitting  of  the  n*  excited  level  with  respect  to  the  ground  state.  In  the 
case  of  an  infinite  wire,  AE„  is  given  by  the  expression 191 : 

AEn  =  n-AE  (29) 


where  AE  is  the  splitting  between  the  first  excited  level  and  the  ground  state.  Eqs.  (27) 
and  (29)  show  that  the  probabilities  of  thermal  excitation  of  rank  higher  than  one  are 
exponentially  dumped.  On  the  other  hand,  Eq.  (29)  is  approximately  valid  even  for  a  finite 
wire  191 .  Therefore,  in  a  first  approximation,  we  can  assume  that  errors  arise  from  the 
thermal  excitation  of  one  kink.  Eq.  (27),  then,  takes  the  form: 

AE 

Pf,g  =  A-exp(-— )  (30) 


where  we  have  put  N-l  =  N  and  approximated  the  partition  function  to  1. 

Again,  we  introduce  a  parameter  k,  the  ratio  between  the  target  length  scale  and  the  length 
scale  of  available  results  and  we  assume  the  following  Coulomb-like  scaling  law  for  AE: 

Mocg-1^'1  (31) 

where  e  is  the  relative  dielectric  constant  of  the  device’s  substrate  (e  «  10 l?1). 

The  energy  splitting  AE  has  been  calculated  to  be  ~  0.8  meV  for  an  infinite  QCA  wire  with 
dot  centers  within  a  cell  spaced  by  -  30  nm  [181.  For  cells  spaced  by  ~  1  nm,  our  change  of 
scale  can  be  expressed  by  the  transformations  k  -»  3*1  O'2  •  k,  e  10*1  •  e.  The  scaling  law 
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for  e  derives  from  the  fact  that,  at  the  nanometer  (i.e.  molecular)  scale,  e  »  1,  since 
screening  effects  are  no  more  present  pl.  We  estimate  that  AE  «  0.2  eV  for  nanometer- 
level  QCA  cells. 

We  can  now  predict  lifetimes  and  redundancies  of  QCA-based  chips.  For  a  QCA-based 
gate  working  at  a  nanometer  scale,  room  temperature,  an  error  rate  of  ~  10"4  is  predicted. 
For  an  array  of  -  10u  effective  gates,  this  implies  a  lifetime  of  -  10'2  sec  at  -  1  GHz,  with 
9+1  CTMR  levels.  This  is  clearly  unacceptable.  However,  by  operating  at  liquid  Nitrogen 
temperature  (77  K),  a  gate  error  rate  of  -  10'19  and  an  “infinite”  lifetime  might  be 
expected,  with  2+1  CTMR  levels.  The  corresponding  redundancy  level  would  be  27. 
However  these  figures  might  be  subject  to  revision,  due  to  the  doubts  concerning  the 
application  of  thermodynamic  considerations  to  QCA  fault  rate  estimations. 

We  estimate  the  linear  dimensions  of  a  QCA-based  chip  with  -  10u  effective  gates  (but 
-  1012  total  gates)  and  3+1  CTMR  stages  to  be  -  1  cm.  The  proposed  solution  would  then 
seem  realistic.  The  problem  of  power  dissipation  in  QCA-based  chips  has  not  yet  been 
addressed. 


5  CONCLUSIONS 

CTMR,  of  course,  is  not  the  only  possible  approach  to  fault  tolerance  in  nanochips.  In 
particular,  the  following  approaches111  seem  to  be  feasible: 

•  n-modular  redundancy  (plain  or  cascaded)  in  space 

•  n-modular  redundancy  (plain  or  cascaded)  in  time 

•  duplication  (or  n-fold  replication)  with  error  recovery 

•  error  correcting  codes 

Apart  from  error  correcting  codes,  all  such  ideas  can  be  analyzed  by  following  the  same 
line  of  thought  as  TMR.  Error  correcting  codes  have  still  to  be  considered,  though,  and 
the  preliminary  results  on  the  previously  mentioned  approaches  have  to  be  further 
checked.  Reconfiguration,  by  its  very  nature,  is  unsuitable  for  taking  care  of  the  intrinsic 
faults  of  the  nanodevices  we  considered,  which  are  of  a  transient  nature,  though  it  may 
well  be  effective  in  dealing  with  manufacturing  errors. 

The  intrinsic  error  rates  we  analyzed  are  of  a  transient  nature.  Impurities  and  dislocations, 
however,  could  cause  permanents  faults,  which  have  not  yet  been  considered  in  our  device 
analysis.  The  fact  that  the  typical  dimensions  of  the  devices  we  considered  are  -  10  nm,  so 
that  their  area  is  -  104  times  smaller  than  present-day  devices  suggests  that  single  crystal 
errors  will  have  more  significant  effects  than  in  microcircuitry.  On  the  other  hand,  the  high 
level  of  redundancy  required  by  the  transient  gate  fault  rates  might  provide  protection 
against  permanent  faults,  as  well. 
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Fig.  1  A  3-stage  CTMR  unit  In  the  Is*  stage  there  are  9  copies  of  a  device.  In  the  2nd  stage  majority 
voting  is  performed  among  triplets  of  devices  of  the  1st  stage.  In  the  3ld  stage  majority  voting  is  performed 
among  the  3  voting  units  of  the  2nd  stage.  W  =  working  device,  F  =  failing  device,  V  =  voting  circuit. 
Wrong  outputs  are  marked  with  a  dashed  line. 


Fig.  2  A  single  electron  switch  The  input  electron  is  made  to  sequentially  tunnel  through  the  junctions 
joining  the  metallic  islands.  When  the  control  island  is  free,  the  input  electron  turns  left.  When  the  control 
island  is  occupied  by  an  electron,  the  input  electron  turns  right.  Metallic  islands  are  marked  as  circles, 
tunnel  junctions  as  rectangles. 


Fig.  3  An  AND/OR  gate,  based  on  single-electron  switching  Any  electron  appearing  at  input  A  is 
driven  to  the  OR  (A,B)  output.  Any  electron  appearing  at  input  B  is  either  switched  to  the  AND  (A,B) 
output  or  to  the  OR  (A,B)  output,  depending  on  the  presence  or  absence  of  the  electron  coming  from  input 
A.  Driving  happens  through  the  principle  of  electron  pumps.  Electron  pumps  in  the  circuit  are  represented 
as  solid  lines. 
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Fig.  4  A  NOT  gate,  based  on  angle  electron  switching  Any  electron  appearing  at  input  A  is  driven  to  a 
sink.  One  electron  per  clock  cycle  is  taken  from  a  source  and  either  switched  to  a  sink  or  to  the  NOT  (A) 
output,  depending  on  the  presence  or  absence  of  the  electron  coming  from  input  A.  Electrons  are  driven 
through  the  principle  of  electron  pumps,  which  we  schematise  as  solid  lines. 


Fig.  5  Error  rate  vs.  pump  time  for  a  micron-scale  7-junction  electron  pump,  operating  at  35  mK 
At  high  frequencies,  the  error  rate  is  exponentially  dependent  on  pump  time.  At  low  frequencies,  the  error 
rate  approaches  an  asymptotic  value  of  *  10‘8. 
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Fig.  6  A  programmable  AND/OR  gate,  based  on  QCAs  The  central  cells  performs  majority  voting 
among  the  two  input  cells  and  the  control  cell.  Therefore,  if  the  control  cell  is  set  to  0  the  device  works  as 
an  AND  gate,  if  1  as  an  OR  gate.  In  the  example  shown  the  control  cell  is  set  to  1,  so  that  we  have  an  OR 
gate. 
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Fig.  7  A  NOT  gate,  based  on  QCAs  The  input  line  extends  one  cell  beyond  the  beginning  of  the  two 
circuit  branches.  The  input  signal  is  propagated  unaltered  through  the  branches,  due  to  electrostatic 
repulsion.  The  two  branches,  then,  converge  onto  the  output  line.  In  this  case  there  is  diagonal  alignment, 
so  that  electrostatic  repulsion  causes  the  input  signal  to  be  inverted. 
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Fig.  8  A  kink  in  a  QCA  wire  Due  to  thermal  fluctuations,  the  device  has  absorbed  a  quantity  of  energy 
enough  to  create  a  kink  in  it.  The  input,  which  would  normally  be  propagated  unaltered  through  the  wire, 
is  then  flipped.  The  wire,  then,  acts  as  an  inverter  and  an  error  arises. 
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INFLUENCE  OF  THE  SPIN-ORBIT  SPLIT-OFF  BAND 
ON  THE  TUNNELING  PROPERTIES  OF  HOLES  ACROSS 
InAlAs/InGaAs  AND  InP/InGaAs  INTERFACES 


S.  Ekbote,  M.  Cahay,  and  K.  Roenker 
Department  of  Electrical  Engineering 
University  of  Cincinnati,  Cincinnati,  Ohio  45221 

ABSTRACT 

We  study  the  influence  of  the  spin-orbit  split-off  band  on  the 
tunneling  of  holes  across  potential  steps  starting  with  the  6X6 
Luttinger-Kohn  Hamiltonian.  The  latter  is  diagonalized  into  3X3 
blocks  (upper  and  lower  Hamiltonians)  using  a  unitary  transforma¬ 
tion.  We  consider  potential  steps  due  to  InPf Ino.s3Gao.47As  and 
Ino.52Alo.4sAs/ Ino.53Gao.47 As  interfaces  which  are  two  of  the  most 
widely  used  materials  for  Hetero junction  Bipolar  Transistor  technol¬ 
ogy.  The  important  difference  between  the  two  interfaces  comes  from 
the  difference  between  the  valence  band  discontinuities  and  the  differ¬ 
ence  in  the  spin-orbit  split-off  energies  on  both  sides  of  the  interfaces. 
While  computing  the  transmission  coefficients  of  holes  incident  from 
either  side  of  the  potential  step,  we  show  that  the  influence  of  the  spin- 
orbit  split-off  band  is  quite  drastic  by  comparing  the  results  with  those 
obtained  with  the  4X4  Luttinger-Kohn  Hamiltonian.  The  implications 
of  the  results  on  the  emitter  efficiency  of  Pnp  Heterojunction  Bipolar 
Transistors  are  briefly  discussed. 


INTRODUCTION 

The  development  of  Pnp  InP  based  Heterojunction  Bipolar  Transistors  (HBTs) 
has  received  increased  interest  only  over  the  last  few  years  [1].  There  have  been 
only  a  few  reports  of  Pnp  HBTs  while  high  performance  Npn  transistors  have  been 
widely  reported  [2,  3].  Stanchina  et  al.  have  obtained  a  current  gain  of  25,  an  fa 
of  10  GHz  and  an  fmax  of  27  GHz  at  a  collector  current  density  of  7X103  A/ cm,2 
for  an  initial,  conservatively  designed,  single  heteroj unction  InAlAs/InGaAs  Pnp 
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transistor  [4].  In  view  of  their  potential  for  a  wide  variety  of  applications,  there  is 
a  need  to  develop  accurate  models  of  the  device  physics  of  Pnp  HBTs.  While  the 
importance  of  electron  tunneling  through  the  emitter-base  spike  of  Npn  HBTs  has 
been  investigated  by  several  groups  [5,  6,  7,  8],  the  importance  of  hole  tunneling 
across  the  emitter-base  junction  of  abrupt  Pnp  HBTs  has  not  been  addressed  so 
far.  This  paper  deals  with  the  coherent  transport  of  holes  across  typical  abrupt 
heterointerfaces  (Inp / 1 na^G do .47 As  and  ItiomAIoa&As/ IriO'SsGaoArAs)  used  as 
emitter-base  junction  in  HBT  technology.  We  study  both  the  importance  of  the 
anisotropy  of  the  dispersion  relation  of  holes  and  the  effects  of  band  mixing  on  the 
tunneling  of  holes  across  the  emitter-base  junction. 

A  preliminary  account  of  the  scattering-matrix  approach  used  here  has  been 
published  recently  [9,  10].  We  start  with  the  6X6  Luttinger-Kohn  Hamiltonian 
which  is  first  reduced  to  two  3X3  Hamiltonians  (referred  as  upper  and  lower 
Hamiltonians  in  the  literature)  through  a  unitary  transformation.  Because  of  the 
Kramers  degeneracy  is  lifted  for  holes  tunneling  through  a  potential  step,  their 
tunneling  coefficients  are  expected  to  be  different  when  calculated  with  the  upper 
and  lower  Hamiltonians.  This  is  illustrated  in  this  paper  where  we  also  compare 
the  tunneling  coefficients  of  holes  incident  from  either  sides  of  the  potential  steps. 


II.  APPROACH 


Following  Chao  and  Chuang  [11],  we  start  with  the  Luttinger-Kohn  Hamil¬ 
tonian  describing  the  top  of  the  valence  band  while  including  the  effects  of  the 
spin-orbit  split-off  band 
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and 


S  =  2V3T3(kx  -  iky)kz  (5) 

where  the  wavevector  k  is  interpreted  as  a  differential  operator  — «A.  In  Eq.(l),  A 
is  the  spin-orbit  split-off  energy.  In  Eq.(l),  the  following  equations  were  used:  Ti 
=  ^2  =  ^3  =  i^r>  an<^  r  =  (r2  +  r3)/2,  where  the  7 ,•  are  the  Luttinger 

parameters. 

The  Hamiltonian  in  Eq.(l)  is  a  6X6  matrix  in  the  basis  composed  of  the  (||,  §)) 
heavy-hole,  the  (||,  |))  light-hole,  and  the  (||,  |))  split-off  Bloch  wave  functions  at 
the  center  of  the  Brillouin  zone.  In  the  axial  approximation,  the  matrix  element 
R  is  approximated  by 

R  =  ~\Z%Vkp2exp{-2i(i>)  (6) 

where  kp2  =  kx 2  +  ky2.  In  that  case,  the  Hamiltonian  (1)  can  be  block-diagonalized 
using  a  similarity  transformation  as  described  in  [11].  In  the  new  basis  set  [11], 
the  transformed  Hamiltonian  can  then  be  written  as 

TT  _  H3X3  0 

l  0  Hi 3X3  . 

where  Hi 3x3  is  the  Hermitian  conjugate  of  H3X3-  The  explicit  form  of  the  Hamil¬ 
tonian  H3X3  is  given  by 

P  +  Q  — Rp  —  iSp  —y/2Rp  +  Sp 

H3X3  —  —Rp  +  iSp  P  —  Q  y/2Q  -f  i\J^j2Sp  (8) 

V2Q-ijty2Sp  P  +  A 

where 

R„  =  -V3TK2,  (9) 

and 

Sp  =  2y/3T3kpkz  (10) 

Starting  with  the  upper  or  lower  Hamiltonian,  the  eigenenergies  and  corre¬ 
sponding  envelope  functions  of  the  valence  subbands  can  then  be  obtained  by 
solving  the  effective-mass  equation 

Si  {Hij  +  U(z)%]Fi(fc>,r)  =  E(k„)Fi(kf,r]  (11) 

where  (i,j)  =  (1,2,3)  and  Vh (z)  is  the  valence  band  potential  energy  profile.  In  the 
axial  approximation,  the  envelope  function  components  Fj  can  be  approximated 
as  follows 

Fj(kp,r)  =  Fj(kp,z)eik^  (12) 
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where  z  is  the  direction  of  growth  of  the  heterostructure.  In  Eq.(10),  kp  —  kxx-\-kyy 
and  p  =  xx  +  yy. 

For  a  fixed  energy  E  and  in-plane  wavevector  kp,  Eq.(9)  will  have  three  complex 
wave  vector  solutions  kz  and  associated  wave  vectors  F(kp,  z).  We  seek  solutions 
of  Eq.(9)  of  the  form 

P(kfiz)  =  Ppa*  (13) 

Substituting  Eq.(ll)  into  Eq.(9),  we  find  that  the  eigenvectors  must  satisfy  the 
following  eigenvalue  problem 

HmFs  =  EF%  (14) 

where  each  matrix  element  in  the  Hamiltonian  H3x3  can  be  written  as  a  second 
order  polynomial  in  kz 

H3X3  =  +  H^(k„)kz  +  H^(kr)  (15) 

where  the  are  3X3  matrices  whose  elements  are  polynomial  at  most  quadratic 
in  {kx,ky,kz).  The  explicit  forms  of  the  matrices  and  i/<0)  are  given  in 

appendix  A. 

To  solve  the  eigenvalue  problem  associated  to  the  Hamiltonian  (13),  we  first 
transform  it  into  a  standard  eigenvalue  problem  for  kg  [12,  13].  The  energy  disper¬ 
sion  relations  for  holes  in  the  heavy-, light-,  and  SO-band  can  then  be  obtained  by 
solving  the  following  eigenvalue  problem 

o  1  1  f  Ck  _  j.  Cl; 

-(HW)-'(H°(kp)-E)  j  [fcCkJ  '  [  J  1  ’ 

This  last  equation  has  6  eigenvalues  and  6  corresponding  eigenvectors.  Three 
solutions  correspond  to  solutions  propagating  from  left  to  right.  The  other  three 
solutions  for  kz  are  just  the  negative  of  the  first  three  solutions  and  correspond  to 
hole  propagation  from  right  to  left. 

Next,  we  consider  tunneling  of  a  heavy-hole  between  two  contacts  sandwiching 
an  arbitrary  heterostructure.  The  wavefunction  for  a  heavy-hole  incident  from  the 
left  can  be  written  as 

F\h 

i>HH(r)=  Fih  (17) 

.  Fzh  . 

and  the  reflected  wave  can  be  written  as 
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where  (T hh >  Tu* ,  Tso)  are  the  reflection  amplitudes  for  the  incident  heavy-hole  to 
be  reflected  in  the  heavy-,  light-,  and  SO-band,  respectively.  The  (Fu~,F2-,F3~) 
with  (i  =  HH,LH,SO)  are  the  components  of  the  wave  vector  solutions  of  Eq.(14) 
for  holes  propagating  from  right  to  left. 

In  the  transmitted  region  in  which  the  potential  energy  profile  can  be  different 
from  the  left  contact,  the  transmitted  wave  function  can  be  written  as 


'  Fi«‘  ' 

‘  Fu*  ' 

e<V?e-HWz)+Tso 

r  w  1 

Tirana  (fO  =  THH 

Fw‘ 

F2l 

iW 

.  Fw  . 

F3l 

.  Faso*  . 

J{kp-^+k[,o)  z) 


(i9) 

where  the  subscript  t  is  a  reminder  that  the  quantities  must  be  evaluated  in  the 
transmitted  region.  In  Eq.(17),  tjjh,  Tlh >and  tso  are  the  transmission  coefficients 
from  the  heavy- hole  into  the  heavy-, light-,  and  SO-band  in  the  transmitted  region, 
respectively. 

An  arbitrary  valence  band  energy  profile  can  always  be  approximated  as  a 
series  of  small  steps  in  which  the  valence  band  edge  is  assumed  to  be  a  constant.  At 
the  interface  between  any  two  steps,  the  envelope  function  components  (Fi,  F2,  F3) 
must  be  chosen  such  that 

Fi(z) 

F2(z)  (20) 

L  J 


and 


2(7i  ~  272)^ 
2«\/373fcp 
-iy/6 y3kp 


— 2iy^73  kp 
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-4v^72^  -  3iV2l3kp 


iV^l3kp 

-Ay/2~i2kz  -j-  3iy/2'y3kp 

271  kz 


(21) 


are  continuous.  In  Eq.(19),  kz  =  —  and  kp  is  the  magnitude  of  the  in-plane 
wave  vector.  The  conditions  (20)  and  (21)  are  required  for  the  wave  function  and 
the  current  density  to  be  continuous  across  the  interface  [14]. 

In  order  to  calculate  the  transmission  and  reflection  coefficients  of  holes  in¬ 
cident  from  the  left  contact,  the  probability  current  density  must  be  calculated 
along  the  growth  direction  for  the  incident,  reflected,  and  transmitted  waves.  The 
transmission  coefficients  for  a  heavy-hole  incident  from  the  left  are  then  calculated 
as  follows 


„  ..MfifT  rr  HhKT 

HH  —  minr  >  J- LH  — 


Jz,H 

and  the  reflection  coefficients  are 
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In  Eqns. (20-21),  the  labels  inc  and  trans  mean  that  the  probability  current  density 
must  be  evaluated  in  the  incident  and  transmitted  regions,  respectively.  Further¬ 
more,  the  relationship  =  —jz,a  holds  between  the  probability  current  densities 
corresponding  to  left  {j-z,a)  and  right  ( jz>a )  propagating  states  (  a  -  H,L,  or  SO 
).  Current  conservation  further  requires  that  Thh  +  Tlh  +  Tsoh  +  Rhh  +  Rlh  + 
Rsoh  =  1,  which  is  helpful  to  check  the  accuracy  of  the  numerical  simulations.  The 
tunneling  problem  described  above  can  then  be  easily  repeated  for  holes  incident 
from  the  left  contact  in  the  light-  or  SO-band. 


III.  RESULTS 

We  apply  the  formalism  described  above  to  the  problem  of  hole  tunneling 
across  a  potential  step.  We  only  report  the  results  for  the  transmission  coeffi¬ 
cients  of  holes  incident  from  either  side  of  the  potential  step.  We  compare  the 
results  obtained  with  the  upper  and  lower  Hamiltonians  and  show  the  importance 
of  including  the  effects  of  the  Spin- Orbit  Split-Off  band  by  also  calculating  the 
transmission  coefficients  starting  with  the  4X4  Luttinger-Kohn  Hamiltonian.  The 
simple  potential  steps  analyzed  here  roughly  approximates  the  valence  band  across 
the  emitter-base  junction  of  a  Pnp  Heteroj unction  Bipolar  Transistor  (HBT)  under 
high  enough  forward  bias  [9]. 

We  consider  two  potential  steps  corresponding  to  the  two  lattice-matched 
interfaces  Ino.52Alo.4sAs/ Jno.53Gao.47As  and  InP / Jno.53Gao.47As,  which  are  two 
of  the  most  widely  used  structures  for  HBT  technology.  For  these  materials,  the 
values  of  the  Luttinger-Kohn  parameters  and  split-off  energy  were  obtained  by 
linear  interpolation  from  the  parameters  for  the  binaries  [10,  15,  16]. 

An  important  difference  exists  between  the  two  heterojunctions  as  shown  in 
Fig.l.  For  the  Ino.52Alo.43As  / Ino.53Gao.47As  system,  the  valence  band  disconti¬ 
nuity  is  smaller  than  the  spin-orbit  split-off  energy  in  the  Ino.53Gao.47As  region. 
Holes  incident  from  the  left  (emitter)  need  a  kinetic  energy  around  70  meV  be¬ 
fore  being  able  to  reach  the  threshold  energy  for  free  propagation  in  the  SO-band 
in  the  7no.53Gao.47 As  region  (base).  On  the  other  hand,  tunneling  through  the 
InP / Ino.53Gao.47As  will  be  very  sensitive  to  presence  of  the  SO-band  because 
the  spin-orbit  split-off  energy  in  the  transmitted  region  (Ino.53Gao.47As)  is  smaller 
than  the  valence  band  discontinuity  (A Ev  =  386  meV).  Furthermore,  the  spin-orbit 
split-off  energy  in  the  left  region  (InP)  is  quite  small  (100  meV)  and  the  dispersion 
relation  for  heavy-  and  light-holes  in  this  region  will  be  strongly  affected  by  the 
SO-band  even  for  holes  with  low  incident  kinetic  energy. 

In  order  to  understand  the  various  features  appearing  in  the  plots  of  the  trans¬ 
mission  coefficients  of  holes  discussed  below,  we  first  look  at  the  energy  dispersion 
of  holes  in  one  of  the  three  regions  considered  in  Fig.  1.  As  an  example,  we  con¬ 
sider  the  ln-L-xGaxAs  region  latticed-matched  to  InP.  In  this  case,  the  Gallium 
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mole  fraction  x  is  equal  0.468.  We  plot  in  Fig.2  the  real  ( Realkz )  and  imaginary 
(Imkz)  parts  of  the  heavy,  light,  and  SO-bands  as  a  function  of  the  incident  energy 
for  a  given  magnitude  of  the  transverse  wavevector  ( k0  -  AX10~2  ir/a,  where  a 
=  5.83  A  the  lattice  constant  of  InP).  For  comparison,  we  also  show  the  real  and 
imaginary  parts  of  the  hole  bands  obtained  while  neglecting  the  SO-band.  The  lat¬ 
ter  curves  were  calculated  starting  with  the  4X4  Luttinger-Kohn  Hamiltonian  [17]. 
In  the  axial  approximation,  this  4X4  Hamiltonian  can  also  be  block-diagonalized 
in  two  2X2  Hamiltonians  (upper  and  lower  Hamiltonians).  In  this  case,  the  upper 
Hamiltonian  is  formed  of  the  four  upper  left  matrix  elements  in  the  Hamiltonian 
(8)‘ 

In  Fig.2,  the  zero  of  energy  is  the  top  of  the  valence  band.  The  critical  energies 
(E^ fEf[,Ei,Eso)  are  the  values  at  which  there  is  a  sudden  break  in  the  energy 
dependence  of  the  real  and  imaginary  parts  of  the  heavy-, light-, and  SO-hole  wav.e 
vectors.  More  precisely,  is  the  lowest  positive  energy  at  which  kj^  is  purely 
real;  E£  is  the  lowest  positive  energy  at  which  Imk^  is  equal  to  zero,  E\  is  the 
energy  above  which  k2 W  is  purely  real,  and  Eso  is  the  energy  above  which  kz^ 
is  purely  real.  Analytical  expressions  for  (Ej;,E£,Ei)  were  derived  in  [17]  when 
the  SO-band  is  neglected. 

The  following  features  are  readily  seen  in  Fig.  2:  when  kp  is  non-zero,  the 
heavy-hole  dispersion  relation  is  basically  unchanged  with  the  inclusion  of  the  SO- 
band  but  the  light-hole  dispersion  relation  is  strongly  affected.  Figure  2  shows 
that  the  energy  threshold  for  purely  propagating  states  for  light  holes  occurs  at 
a  lower  energy  compared  to  the  case  when  the  SO-band  is  neglected.  A  similar 
feature  has  been  reported  by  Chao  and  Chuang  in  their  study  of  S O-interaction 
of  the  valence-band  structure  of  strained  semiconductor  quantum  wells  [11].  The 
change  in  the  energy  threshold  for  propagating  light-holes  will  affect  not  only  the 
reflection  coefficient  for  light-hole  but  also  the  energy  dependence  of  the  amount  of 
heavy  to  light-hole  conversion  compared  to  the  results  with  the  4X4  Hamiltonian, 
as  will  be  shown  below.  Furthermore,  since  the  matrix  elements  (1,3)  and  (2,3)  in 
Hamiltonian  (8)  are  non-zero  when  kp  is  non-zero,  we  expect  some  conversion  from 
heavy-  (and  light)-band  to  SO-band  past  the  energy  threshold  for  free  propagating 
states  in  the  SO-band.  This  will  be  illustrated  in  the  numerical  examples  below. 

The  energies  (££,  E+,  E\ ,  Eso)  are  function  of  the  magnitude  of  the  transverse 
wavevector  kp.  These  variations  with  kp  were  determined  numerically  and  are 
plotted  in  Fig.3  for  the  case  of  a  Iuo^AIoasAs  region  (the  trends  are  the  same 
for  the  other  two  materials).  In  this  Figure,  we  also  compare  the  ^-dependence 
of  (Ej;,Efi,  Ei)  with  the  analytical  results  obtained  while  neglecting  the  effects  of 
the  SO-band  [17]. 

Since  the  potential  steps  in  Fig.  1  lack  inversion  symmetry,  the  transmission 
coefficients  will  be  different  when  calculated  with  the  upper  or  lower  Hamiltonians. 
This  will  be  illustrated  in  the  numerical  examples  below.  Hereafter,  we  calculate 
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the  transmission  coefficients  of  heavy-holes  incident  on  the  potential  steps  shown 
in  Fig.  1  from  either  direction. 

Case  1:  The  InPIIn0.^Ga0A7As  interface 

Left  to  Right  Propagation:  Figure  4  shows  the  transmission  coefficients 
{Thh,Tlh)  for  heavy  holes  as  a  function  of  energy  for  holes  incident  from  left 
to  right  on  the  structure  shown  on  the  left  in  Fig.  1.  In  all  simulations,  the 
zero  of  energy  is  the  bottom  of  the  valence  band  in  the  InGaAs  region,  energy  is 
measured  positively  going  into  the  valence  band,  and  the  transverse  wavevector  kp 
is  set  equal  to  0.04  (2tt /a)  (where  a  is  5.83  A,  the  lattice  constant  of  InP).  The 
lines  labeled  (3X3)  and  (2X2)  are  the  results  obtained  with  the  3X3  and  2X2  upper 
Hamiltonians,  respectively.  The  (2X2)  results  correspond  to  the  case  where  the 
effects  of  the  Spin-Orbit  Split-Off  band  are  neglected. 

Figure  5  shows  the  results  obtained  with  the  upper  and  lower  (3X3)  Hamil¬ 
tonians  are  quite  different  over  the  full  range  of  incident  energy  investigated  here. 
The  large  difference  between  the  results  with  the  upper  and  lower  Hamiltonians 
are  due  to  the  lack  of  inversion  of  symmetry  of  the  potential  steps  in  Fig.  1  lifting 
the  Kramers  degeneracy  of  the  hole  bulk  states  [17]. 

In  Figures  4  and  5,  there  are  cusps  in  the  transmission  coefficient  Thh  ap¬ 
pearing  at  incident  energy  equal  to  the  threshold  energies  for  free  propagation  in 
the  SO-bands  on  either  side  of  the  interface.  This  is  best  illustrated  by  plotting 
the  real  part  of  the  longitudinal  component  of  the  hole  wavevectors  on  either  side 
of  the  heterointerface  as  a  function  of  the  hole  incident  energy.  These  results  are 
plotted  in  Fig.  6.  In  Figures  4  and  5,  TSoh  is  non-zero  past  the  energy  threshold 
Eso  in  the  InGaAs  region  (around  500  meV  according  to  Fig.  6).  However,  Tsoh 
goes  back  down  close  to  zero  above  535  meV  because  there  is  a  finite  probability  to 
be  reflected  in  the  SO-band  in  the  InP  region  beyond  that  energy.  Indeed,  Figure 
6  shows  that  the  SO-band  is  opened  in  the  InP  region  for  incident  energy  above 
535  meV. 

Figures  7  and  8  are  plots  similar  to  Figures  4  and  5  for  a  light-hole  incident 
from  the  InP  region.  Figure  7  shows  that  the  probability  of  light-  to  heavy-hole 
conversion  ( THl )  is  much  smaller  than  the  probability  of  heavy-  to  light-hole  con¬ 
version  (Tlh)  shown  in  Fig.  4.  This  can  be  understood  using  a  simple  estimate 
based  on  the  well-known  result  for  electron  tunneling  through  a  potential  step  [18] 


2kjtr&ns/ki'nc 
ji  ~  [kjtr&ns/kiinc  +  l]2 


(24) 


where  ji  =  HL  or  LH  for  an  incident  light-hole  or  heavy-hole,  respectively.  Referring 
to  Fig.  6,  the  ratio  of  the  z-component  of  the  wave  vectors  is  closer  to  unity  past 
Ei(InGaAs)  when  ji  =  LH  which  explains  why  TLH  is  larger  than  THl • 

Similar  arguments  explain  why  the  probability  of  heavy-  to  SO-band  (Tsoh) 
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or  light-  to  SO-band  ( Tsol )  transition  in  Figures  (4,5)  and  (7,8)  are  fairly  small. 
Figure  6  shows  that  the  real  part  of  the  hole  wavevector  in  the  InGaAs  SO-band  is 
indeed  much  smaller  that  the  real  parts  of  the  the  heavy-  and  light-hole  longitudinal 
wavevector  components  in  the  InP  region  past  the  energy  Eso  in  the  InGaAs 
region. 

Right  to  Left  Propagation:  Figure  9  is  a  plot  of  the  transmission  coeffi¬ 
cients  of  heavy  holes  incident  from  the  right.  The  results  are  shown  for  the  upper 
Hamiltonian  only.  Once  again,  there  is  a  large  difference  between  the  results  cal¬ 
culated  with  the  upper  (2X2)  and  (3X3)  Hamiltonians.  Thh  rises  sharply  past 
the  threshold  energy  Eh~(InP )  for  free  propagation  in  the  heavy-hole  band  in  the 
InP  region.  Kinks  in  THh  appear  at  the  energy  thresholds  for  free  propagation  in 
the  light-hole  band  in  the  InP  region  and  in  the  SO-bands  on  either  sides  of  the 
interface.  The  conversion  probabilities  Tlh  and  Tsoh  are  quite  small  as  a  result  of 
the  large  difference  in  the  longitudinal  components  on  either  sides  of  the  potential 
step  (See  Fig.  6). 

The  transmission  coefficient  Tin  is  identically  zero  below  E\(InP ),  the  thresh¬ 
old  energy  for  free  propagation  in  the  light-hole  band  in  the  InP  region.  This  is 
different  from  the  results  in  Fig.  4  where  Tlh  was  found  to  be  non-zero  for  incident 
energy  above  Eh~(InP).  This  results  from  the  fact  that,  for  holes  incident  from 
the  left,  the  threshold  energy  for  free  propagation  in  the  ligh-hole  band  in  the  In¬ 
GaAs  region  is  below  Eh~(InP )  for  the  transverse  wavevector  considered  here  (kp 
=  0.04  (2vr/ct),  where  a  is  5.83  A,  the  lattice  constant  of  InP).  Therefore,  there  is 
a  finite  probably  for  heavy  to  light  hole  conversion  for  heavy-holes  tunneling  from 
the  left  as  soon  as  free  propagation  for  heavy-holes  is  allowed  in  the  InP  region. 
Since  the  threshold  energy  for  free  propagation  in  the  light-hole  band  is  quite  large 
(Ei(InP),  the  probability  for  heavy-  to  light-hole  conversion  for  heavy-holes  in¬ 
cident  from  the  left  contact  is  accordingly  smaller  than  its  value  for  heavy-holes 
incident  from  the  InP  region.  Similarly,  the  probability  Tsoh  is  also  smaller  for 
holes  incident  from  the  right  contact. 

Figure  10  is  a  plot  of  the  transmission  coefficients  for  light-holes  incident  from 
the  left.  The  results  are  shown  for  the  upper  (2X2)  and  (3X3)  Hamiltonians  only. 
In  addition  to  the  large  difference  between  the  results  obtained  with  the  (2X2) 
and  (3X3)  Hamiltonians,  the  following  features  are  noticeable:  (1)  the  probability 
for  light-  to  heavy-hole  conversion  reaches  a  maximum  of  0.3  in  the  energy  range 
[  Eh~{InP)  -  Ei(InP)  ]  where  only  heavy-holes  can  propagate  freely  in  the  InP 
region;  (2)  as  soon  as  free  propagation  is  allowed  in  the  light-hole  band  in  InP,  Thl 
suddenly  decreases  and,  simultaneously,  Tll  rises  sharply;  (3)  another  drop  in  Thl 
appears  past  Eso{InGaAs)  when  free  propagation  in  the  SO-band  is  possible  in  the 
InGaAs  region.  Simultaneously,  Tll  decreases  because  there  is  a  finite  probability 
for  light-holes  to  be  reflected  in  the  SO-band.  Past  this  threshold,  there  is  a  very 
small  probability  for  light  to  SO-band  transition  while  crossing  the  interface.  The 
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strong  coupling  between  the  SO-  and  light-hole  bands  leads  to  an  increase  of  Tll 
past  Eso(InP). 

Case  2:  The  Ino^AloAsAs/Ino^GaoAjAs  interface 

To  stress  the  importance  of  the  Spin-Orbit  Split-Off  band,  we  again  plot  the  re¬ 
sults  obtained  with  the  2X2  and  3X3  Hamiltonians  hereafter.  The  general  trends 
observed  in  the  transmission  coefficients  of  heavy-  and  light-holes  incident  from 
either  side  are  fairly  similar  to  those  observed  for  the  InP/InGaAs  interface.  Here¬ 
after,  we  only  focuss  on  the  major  differences  between  the  two  potential  steps  due 
to  the  difference  in  the  valence  band  edge  discontinuity  and  the  position  of  the 
minima  of  the  SO-bands  as  illustrated  in  Fig.  1.  Figures  11  and  12  compare  the 
tunneling  coefficients  of  heavy-holes  incident  from  either  side  and  Figures  13  and 
14  show  similar  results  for  incident  light-holes. 

Left  to  right  propagation:  Comparing  Figures  4  and  11,  we  see  that 
the  transmission  coefficients  for  heavy-holes  propagating  from  left  to  right  across 
the  Ino.siAlQAzAs llriQ.mGaoAiAs  interface  have  features  similar  to  the  case  of  the 
InP/Ino.53GaoA7As  interface.  However,  there  are  noticeable  differences.  For  the 
Ino.siAloA&Asflno.^GaQAiAs  interface,  (1)  Thh  is  larger  past  the  energy  thresh¬ 
old  ( Eh~  (InAlAs)).  This  is  due  to  the  smaller  valence  band  discontinuity  at  the 
InAlAs/InGaAs  interface  compared  to  the  InP/InGaAs  case  and  the  closer  match 
between  the  longitudinal  components  of  the  heavy-hole  wavevectors  on  both  sides 
of  the  interface  for  the  InAlAs/ InGa As  case;  (2)  there  is  a  smaller  drop  in  Thh 
past  the  energy  threshold  for  free  propagation  in  the  InGaAs  SO-band.  This  is 
due  to  the  fact  that  Thh  is  already  close  to  unity  upon  approaching  the  energy 
threshold  Eso  (InGaAs)  for  free  propagation  in  the  InGaAs  region.  This  is  con¬ 
firmed  by  the  plot  of  Tsoh  showing  a  very  small  probability  for  heavy-  to  SO-band 
conversion;  (3)  the  kink  in  Thh  past  the  threshold  energy  for  free  propagation 
in  the  InAlAs  SO-band  is  not  seen  in  Fig.  11  because  the  threshold  energy  ESo 
(InAlAs)  is  above  700  meV  for  the  value  of  the  transverse  wavevector  considered 
here. 

Comparing  Figures  7  and  13,  we  see  that  the  Tll,Thl ,  and  Tsol  coefficients 
behave  qualitatively  the  same  in  both  structures.  Tsol  is  much  larger  past  the 
energy  threshold  Eso(InGaAs)  for  the  InP/InGaAs  structure.  There  is  another 
kink  in  Tll  past  the  energy  threshold  Eso{InAlAs )  occuring  outside  the  energy 
range  plotted  in  Fig.  14. 

Right  to  left  propagation:  for  holes  propagating  from  right  to  left,  the 
trends  in  Figures  12  and  14  are  similar  to  those  observed  in  Figures  9  and  10 
for  the  InP/InGaAs  interface.  The  following  differences  are  pointed  out:  (1)  the 
small  drop  in  Thh  occuring  at  an  energy  above  Eso(InGaAs)  is  due  to  the  finite 
probability  However,  the  probability  of  reflection  Rsoh  is  small  because  of  the  large 
mismatch  between  the  longitudinal  component  of  the  holes  in  the  heavy-  and  SO- 
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bands;  (2)  As  shown  in  Fig.  14,  the  drop  in  Tll  also  occurs  at  Eso{InGaAs)  when 
the  light-hole  is  allowed  to  be  reflected  in  the  SO-band.  However,  the  drop  in  Tll  is 
sharper  than  the  drop  in  Tjjh  past  this  threshold  because  of  the  stronger  coupling 
between  the  light-  and  SO-bands  and  the  closer  match  between  the  longitudinal 
components  of  the  light-  and  SO-hole  wavevectors. 


IV.  CONCLUSIONS 

We  have  used  the  6X6  Luttinger-Kohn  Hamiltonian  to  study  the  effects  of 
the  Spin-Orbit  Split-Off  band  on  the  transmission  coefficients  of  holes  through 
the  potential  steps  InPj Ino^Gao^jAs  and  Itiq^AIoa^As/ InQ^Ga^AiAs  which 
are  two  of  the  most  widely  used  material  systems  to  form  abrupt  emitter-base 
junctions  in  HBT  technology.  The  tunneling  coefficients  of  heavy  and  light  holes 
were  calculated  using  the  upper  and  lower  Hamiltonians  obtained  through  a  unitary 
transform  of  the  6X6  Luttinger-Kohn  Hamiltonian. 

Our  results  indicate  that  the  Spin-Orbit  Split-Off  band  has  a  profound  in¬ 
fluence  on  the  tunneling  coefficients  of  both  heavy  and  light  holes  and  also  on 
the  amount  of  heavy-to-light  (or  the  reverse)  conversion  for  holes  tunneling  across 
the  potential  steps.  Therefore,  the  hole  conversion  process  must  be  appropriately 
taken  into  account  when  calculating  the  emitter  injection  efficiency  of  the  emitter- 
base  junction  of  Pnp  HBTs.  Simply  modeling  the  tunneling  current  of  holes  across 
the  emitter-base  junction  using  the  well-known  expression  [5]  for  electrons  while 
using  an  average  effective  mass  (density  of  states  effective  mass)  for  holes  may 
lead  to  substantial  error  in  the  tunneling  current  density  and  its  dependence  on 
the  emitter-base  bias.  This,  in  turn,  would  affect  the  ideality  factor  of  the  emitter 
current. 

Furthermore,  if  holes  end  up  in  the  SO-band  in  the  base,  the  corresponding 
scattering  rates  for  holes  in  the  SO-band  must  be  included  in  a  Monte-Carlo  de¬ 
scription  of  carriers  across  the  base  for  an  accurate  determination  of  the  average 
base  transit  time.  Indeed,  it  is  well-known  for  Npn  HBTs  that  a  small  amount  of 
scattering  can  greatly  affect  the  average  base  transit  time  of  electrons  [19].  It  is 
anticipated  that  the  same  must  be  true  for  holes  crossing  the  base  of  Pnp  HBTs. 
These  issues  will  be  addressed  in  a  forthcoming  publication. 
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Figure  1:  Illustration  of  the  valence  band  discontinuity  across  the  InQ_52AloAsAs 
/In0.s3GaoA7As  and  InP/InQ.^Ga^As  interfaces.  Energies  are  measured  pos¬ 
itively  going  into  the  valence  band.  The  horizontal  lines  labeled  ’  SO  are  the 
locations  of  the  spin-orbit  split-off  energy  band  minimum  on  both  sides  of  the 
structure.  The  energy  threshold  Eso  f°r  free  propagation  in  the  SO-band  coincides 
with  the  ”SO”  level  for  kp  =  0,  but  shifts  upward  in  energy  with  the  magnitude  of 
the  transverse  wave  vector  increases  as  shown  in  Fig.  3. 
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Figure  2:  Real  and  Imaginary  parts  of  the  hole  wave  vectors  solutions  of  the 
eigenvalue  problem  in  Eq.(16)  for  a  bulk  In0_53Gao.47As  region  as  a  function  of 
energy  for  a  value  of  kp  -  0.04  (27t fa)  (  a  is  5.83  A,  the  lattice  constant  of  InP). 
The  zero  of  energy  is  the  top  of  the  valence  band.  The  real  and  imaginary  parts 
are  expressed  in  units  of  2tt /a.  For  clarity,  the  imaginary  parts  have  been  shifted 
vertically  by  an  amount  equal  to  0.5  ( 2irfa ).  Also  shown  are  the  results  obtained 
while  neglecting  the  effects  of  spin-orbit  coupling  [9,  17]  (curves  labeled  with  2X2 
symbol).  The  energies  (E^,E^,Ei,  Eso)  defined  in  the  text  are  also  shown. 
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Figure  3:  kp  dependence  of  the  energies  (E£ ,  E£ ,  Eso)  defined  in  the  text  in 
Jno.52Alo.4sAs.  The  results  obtained  with  the  (2X2)  and  (3X3)  Hamiltonians  are 
shown.  Eso  is  only  defined  for  the  (3X3)  Hamiltonian. 


Figure  4:  Transmission  coefficients  of  a  heavy-hole  incident  from  the  left  side  of 
the  InP/ Ino.s3GaQA7As  potential  step  shown  in  Fig.  1.  The  results  are  shown  for 
the  upper  2X2  and  3X3  Hamiltonians.  The  zero  of  energy  is  the  bottom  of  the 
Ino.53Gao.47As  region  in  Fig.  1.  The  in-plane  wave  vector  is  set  equal  to  kp  =  0.04 
(27r/a)  (where  a  is  5.83  A,  the  lattice  constant  of  InP). 
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Figure  5:  Comparison  of  the  results  obtained  with  the  upper  and  lower  Hamil¬ 
tonians  for  the  transmission  coefficients  of  a  heavy-hole  incident  from  the  left  on 
the  InP/Ino.szGao^As  interface  shown  in  Fig.  1.  The  in-plane  wave  vector  is  set 
equal  to  kp  —  0.04  (27r/a)  (where  a  is  5.83  A,  the  lattice  constant  of  InP). 
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Figure  6:  Comparison  of  the  real  parts  of  the  longitudinal  components  of  the  hole 
wavevectors  obtained  from  Eq.(16)  for  the  InP  and  Ino.s3Gao.47As  regions.  The 
results  for  the  InP  region  are  shifted  upward  in  energy  by  an  amount  equal  to  the 
band  discontinuity  at  the  heterointerface  (See  Fig.  1). 
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Figure  7:  Same  as  Fig.4  for  a  light-hole  incident  from  the  left  on  the  InP / I  na^G  do  .47  As 
potential  step  shown  in  Fig.  1.  The  in-plane  wave  vector  is  set  equal  to  kp  —  0.04 
(27 r/a)  (where  a  is  5.83  A,  the  lattice  constant  of  InP). 
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Figure  8:  Same  as  Fig. 5  for  a  light-hole  incident  from  the  left  on  the  InP/ Ino^GcioArAs 
potential  step  shown  in  Fig.  1.  The  in-plane  wave  vector  is  set  equal  to  kp  =  0.04 
(27t /a)  (where  a  is  5.83  A,  the  lattice  constant  of  InP). 
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Figure  9:  Same  as  Fig.4  for  a  heavy-hole  incident  from  the  right  on  the 
InPj 7^0.53^0.47 As  potential  step. 


Figure  10  :  Same  as  Fig.7  for  a  light-hole  incident  from  the  right  on  the 
InP/InO'ttGaoj’rAs  potential  step. 


Electrochemical  Society  Proceedings  Volume  98-19 


615 


1.1 


(3x3) 


[  (tnAIAs)  E^lnAIAa)  .  E^InGaAs)  j 

°250.0  300.0  350.0  400.0  450.0  500.0  550.0  600.0 

Energy  (meV) 


Figure  11:  Same  as  Fig.4  for  a  heavy-hole  incident  from  the  left  on  the 
Iuq^AIoasAs/ JnQ.53Gao.47As  potential  step  shown  in  Fig.  1. 


Figure  12:  Same  as  Fig.  11  for  a  heavy- hole  incident  from  the  right  on  the 
InoxvAloAzAs / IriQ.ttGaoAiAs  interface.  Also  shown  is  the  reflection  coefficient 
Rsoh- 
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Figure  13:  Same  as  Fig.7  for  a  light-hole  incident  from  the  left  on  the 
Ino.52AloASAs/In0'S3Ga0'47As  potential  step. 
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Figure  14:  Same  as  Fig.  13  for  a  light-hole  incident  from  the  right  on  the 
Ino.si-A-loAsAs/ Ino.ssGaoA'rAs  potential  step.  Also  shown  is  the  reflection  coeffi¬ 
cient  Rsol- 
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Abstract 

We  have  studied  electron  velocity  fluctuations  and  Johnson  noise  in  a  free¬ 
standing  GaAs  quantum  wire  at  different  lattice  temperatures  and  for  different  driv¬ 
ing  electric  fields  using  a  Monte  Carlo  approach.  The  noise  spectral  density  and  the 
carrier  diffusivity  were  found  to  decrease  with  increasing  temperature  and  increasing 
electric  field  strengths.  The  latter  effects  is  due  to  the  fact  that  a  high  field  tends  to 
induce  streaming  and  promotes  oscillations  in  the  velocity  autocorrelation  function. 
An  external  magnetic  field,  applied  transverse  to  the  wire’s  axis,  suppresses  noise 
and  diffusivity  at  low  temperatures,  but  increases  then  at  high  temperatures. 
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1  Introduction 


There  is  significant  current  interest  in  the  application  of  quasi  one-dimensional  semicon¬ 
ductor  structures  for  high-speed  and  low  noise  electronic  devices  such  as  quantum-wire 
field-effect-transistors  (QWFET).  Such  devices  are  expected  to  exhibit  high  transcon¬ 
ductance  and  unity-gain-frequency  as  a  result  of  the  enhancement  of  carrier  mobility  [1]. 
In  this  paper,  we  have  investigated  the  noise  characteristics  of  a  quantum  wire  structure 
since  noise  is  also  an  important  device  parameter. 

Johnson  noise  in  a  solid  is  caused  by  fluctuations  in  the  velocity  of  current  carriers 
(electrons  or  holes)  interacting  with  scatterers.  We  have  found  these  fluctuations  from  a 
Monte  Carlo  simulation  of  carrier  transport  under  a  driving  electric  field.  Additionally, 
we  have  investigated  the  effect  of  an  external  magnetic  field  on  velocity  fluctuations  and 
how  it  affects  noise  characteristics. 

This  paper  is  organized  as  follows.  In  the  next  section,  we  briefly  describe  our 
theoretical  approach  and  the  Monte  Carlo  simulator.  This  is  followed  by  results  and 
discussion.  The  last  section  details  our  conclusions. 

2  Theory 

We  will  calculate  the  velocity  autocorrelation  function  and  noise  spectral  density  in  a 
free-standing  GaAs  quantum  wire  of  rectangular  cross-section.  An  electric  field  is  applied 
along  the  length  of  the  wire  to  induce  carrier  transport  and  an  external  magnetic  field  is 
applied  in  a  transverse  direction  parallel  to  the  thickness  as  shown  in  the  inset  of  Fig.  1. 

We  first  solve  the  Schrodinger  equation  in  the  quantum  wire  (with  only  the  transverse 
magnetic  field  present)  to  obtain  the  wave  functions  and  the  energy  dispersion  relations 
of  the  confined  hybrid  magnetoelectric  states  of  electrons  [3],  These  wave  functions  and 
the  dispersion  relations  are  used  to  calculate  the  matrix  elements  and  density  of  final 
states  for  scattering.  All  scattering  rates  are  evaluated  from  Fermi’s  Golden  Rule  and 
used  in  a  Monte  Carlo  simulator  to  obtain  the  velocity  autocorrelation  function  in  the 
presence  of  a  driving  electric  field. 

The  Monte  Carlo  simulator  is  a  modified  code  for  quantum  wires.  The  basic  algorithm 
is  described  in  refs.  [4,  5,  7,  6]  and  it  was  modified  to  account  for  the  presence  of  a 
magnetic  field  which  necessitates  searching  for  the  right  phonon  (with  the  right  energy 
and  wavevector)  to  mediate  a  scattering  process.  We  collect  velocity  statistics  after 
steady  state  is  achieved  by  using  a  uniform  sampling  in  time. 

The  velocity  autocorrelation  function  is  calculated  as 

C(T)=<8v(t)5v(t  +  T)>  ,  (1) 

where  Sv  =  v(t)  —  vj  (where  v(t)  is  the  instantaneous  carrier  velocity  at  an  instant  of 
time  t  and  vj  is  the  steady  state  (ensemble  average)  drift  velocity).  The  noise  spectral 
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density  is  obtained  by  evaluating  the  Fourier  transform  of  the  autocorrelation  function: 

S{f)  =4  f°°  dTe~2*fTC{T)  ,  (2) 

Jo 


and  it  is  related  to  the  dc  component  of  the  diffusivity  £>(0)  by  the  Wiener-Khintchine 
theorem 

S(/)=.  4g(?U  (3) 


1  +  (27 r/rm)2 


where  rm  is  the  ensemble-average  momentum  relaxation  time.  A  corollary  of  the  above 
theorem  is  that  the  dc  component  of  the  diffusivity  is  related  to  the  dc  component  of 
the  noise  spectral  density  as  D( 0)  =  5(0)  /4. 


3  Results  and  Discussion 

We  consider  a  GaAs  quantum  wire  of  width  300  A  and  thickness  40  A.  The  Monte  Carlo 
simulation  was  carried  out  with  an  ensemble  of  1000  particles  at  lattice  temperatures  of 
30  K  and  77  K  and  magnetic  flux  densities  of  0  and  10  tesla.  The  number  of  particles 
is  more  than  sufficient  to  make  the  quantities  in  Equations  (l)-(3)  independent  of  the 
ensemble  size.  The  simulations  were  carried  out  at  different  electric  field  strengths. 

In  Figs.  1  and  2,  we  show  the  temporal  decay  of  the  velocity  autocorrelation  function 
for  two  different  temperatures  of  30  K  and  77  K.  The  driving  electric  field  is  200  V/cm. 
The  upper  panel  shows  the  results  in  the  absence  of  any  magnetic  field  and  the  lower 
panel  shows  the  results  in  the  presence  of  a  transverse  magnetic  flux  density  of  10  tesla. 

Looking  at  Fig.  1,  we  find  oscillations  in  the  autocorrelation  function.  These  os¬ 
cillations  are  a  well-known  signature  of  streaming  and  arise  when  polar  optical  phonon 
scattering  is  the  dominant  energy  relaxation  mechanism.  The  autocorrelation  function 
oscillates  because  an  electron  will  be  rapidly  accelerated  to  the  polar  optical  phonon 
emission  threshold  by  the  electric  field,  emit  and  fall  to  the  bottom  of  the  subband,  re¬ 
peating  this  process  again  and  again.  This  oscillation  in  fc-space  (or  energy  space)  leads 
to  permanent  oscillations  in  the  velocity  and  mean  energy  if  the  entire  ensemble  is  more 
or  less  in  phase.  When  polar  optical  phonon  scattering  is  overwhelmingly  dominant,  the 
ensemble  remains  in  phase  for  a  long  time  and  the  oscillations  show  up  in  the  velocity 
autocorrelation  function.  This  is  characteristic  of  “streaming”  transport  and  has  been 
examined  in  ref.  [8,  9,  6]. 

It  is  obvious  that  the  phase  of  the  oscillation  will  be  randomized  if  there  is  significant 
acoustic  phonon  scattering  since  that  will  randomly  kick  electrons  out  of  phase  with  the 
rest  of  the  ensemble.  At  a  low  driving  electric  field  of  20  V/cm,  acoustic  phonon  scatter¬ 
ing  usually  dominates  transport.  Hence,  the  oscillations  are  ordinarily  suppressed.  But 
at  intermediate  electric  field  strengths  of  around  200  V/cm,  polar  optical  phonon  scatter¬ 
ing  is  overwhelmingly  dominant  over  acoustic  phonon  scattering  and  hence  the  electron 
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Figure  1:  Temporal  evolution  of  the  velocity  autocorrelation  function  at  a  magnetic  flux 
density  of  0  tesla  (upper  panel)  and  10  tesla  (lower  panel).  The  driving  electric  field  is 
200  V/cm  and  the  lattice  (as  well  as  the  electron)  temperature  is  30  K.  A  bulk  acoustic 
phonon  model  has  been  assumed.  The  inset  shows  the  geometry  of  the  quantum  wire 
and  the  orientations  of  the  electric  and  magnetic  fields. 
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Figure  2:  Temporal  evolution  of  the  velocity  autocorrelation  function  at  a  magnetic  flux 
density  of  0  tesla  (upper  panel)  and  10  tesla  (lower  panel).  The  driving  electric  field  is 
200  V/cm  and  the  lattice  (as  well  as  the  electron)  temperature  is  77  K.  A  bulk  acoustic 
phonon  model  has  been  assumed. 
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ensemble  stream  in  phase.  A  magnetic  field  increases  the  period  of  the  oscillation.  The 
oscillation  period  tp  is  given  by  [4] 


tp  — 


hAk 

~W+T°P' 


(4) 


where  e  is  the  electronic  charge,  E  is  the  driving  electric  field,  rop  is  the  mean  time  that 
elapses  after  an  electron  crosses  the  polar  optical  phonon  emission  threshold  and  before 
it  emits,  and  Ah  is  the  change  in  the  electron’s  wavevector  (caused  by  the  accelarating 
field  E)  during  the  free  flight  between  two  successive  polar  optical  phonon  scattering 
events. 

A  magnetic  field  has  two  effects  (which  show  up  prominently  in  Figs.  1  and  2):  (i) 
it  reduces  the  decay  rate  of  the  velocity  autocorrelation  function,  and  (ii)  it  increases 
the  period  of  the  oscillations.  The  first  effect  has  an  obvious  source.  Since  a  magnetic 
field  suppresses  backscattering  [2],  the  momentum  relaxation  rate  is  reduced  and  this 
reduces  the  decay  rate  of  the  autocorrelation  function.  The  second  effect  is  somewhat 
more  subtle  and  is  discussed  below. 

In  a  magnetic  field,  the  momentum  p  of  an  electron  transforms  according  to  ft  — 
p  +  eA  where  A  is  the  magnetic  vector  potential.  As  a  result,  the  electron  trajectories 
are  elongated  in  k-space.  Another  way  of  viewing  this  is  to  look  at  the  electron  dispersion 
relations  with  and  without  a  magnetic  field  as  shown  in  the  inset  of  Fig.  2.  Obviously, 
in  a  magnetic  field,  an  electron’s  wavevector  will  have  to  increase  more  to  gain  the  same 
amount  of  energy  as  in  the  absence  of  a  magnetic  field.  Since  Ak  is  larger  in  a  magnetic 
field,  the  oscillation  period  increases  (see  Equation  (4)). 

We  can  check  the  validity  of  our  picture  with  a  simple  comparison.  If  we  assume  that 
an  elecron  scatters  soon  after  it  reaches  the  threshold  for  polar  optical  phonon  emission 
and  that  such  a  scattering  drops  the  electron  down  to  near  the  bottom  of  the  conduction 
band,  then  we  can  show  that 


Top  .  lfTop\2  ,  y/2m* TmjQ ( ^2m*h(Jo  4-  eErop) 

SB5 


(5) 


in  the  absence  of  any  magnetic  field. 

For  E  —  200  V/cm,  the  above  equation  yields  a  value  of  tp  =  8  ps  (rop  «  0).  The 
observed  period  in  Fig.  1  (B  =  0  tesla)  is  about  7  ps  which  is  close  enough  to  the 
estimated  value  to  confirm  that  this  simple  picture  originally  presented  in  ref.  [4,  8,  9,  6] 
is  quite  reasonable. 

In  Fig.  2,  we  find  that  there  are  no  oscillations  in  the  absence  of  any  magnetic  field  at 
77  K.  This  is  because  acoustic  phonon  scatterings  are  much  more  frequent  at  77  K  than  at 
30  K  and  they  randomize  the  phase  of  the  oscillations  rapidly.  As  a  result,  no  oscillation 
is  visible.  One  might  think  that  polar  optical  phonon  scattering  will  also  be  more  fre¬ 
quent  at  the  higher  temperature  and  this  should  counter  the  effect  of  increased  acoustic 
phonon  scattering.  In  reality,  only  polar  optical  phonon  emission  matters  and  emission 
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Figure  3:  The  spectral  density  of  Johnson  (or  Nyquist)  noise  at  a  magnetic  flux  density 
of  0  tesla  (upper  panel)  and  10  tesla  (lower  panel).  The  driving  electric  field  is  20  V/cm 
and  the  lattice  (as  well  as  the  electron)  temperature  is  30  K.  A  bulk  acoustic  phonon 
model  has  been  assumed. 

is  dominated  by  spontaneous  processes  rather  than  stimulated  processes.  At  77  K,  the 
ratio  of  the  rates  of  the  two  processes  is  approximately  ( 1  / r3p<mtane<ms )  /( 1  / t stimulated )  — 
exp[{hu)Q) / (kT)\  —  1  =  215  (wo  is  the  polar  optical  phonon  frequency  in  GaAs).  Thus, 
the  spontaneous  processes  are  most  frequent  and  since  they  are  relatively  independent 
of  temperature,  the  net  emission  rate  does  not  increase  significantly  at  77  K. 

A  magnetic  field  brings  out  the  oscillations  since  it  suppresses  acoustic  phonon  scat¬ 
tering  (more  specifically  backscattering)  [2]  and  increases  polar  optical  phonon  scattering. 
This  is  what  we  see  in  the  lower  panel  of  Fig.  2.  Additonally,  the  magnetic  field  also 
reduces  the  deacy  rate  of  the  autocorrelation  function  since  it  increases  the  momentum 
relaxation  time  by  suppressing  backscattering  [2], 

In  Figs.  3  and  4,  we  plot  the  Johnson  noise  spectral  densities  which  are  the  Fourier 
transforms  of  the  velocity  autocorrelation  functions.  At  a  temperature  of  30  K  (Fig.  3), 
the  noise  is  definitely  “colored”  and  has  a  well-resolved  peak  at  millimeter  wave  frequency 
which  arises  from  the  streaming  oscillations  in  the  velocity  autocorrelation  function.  A 
magnetic  field  red-shifts  the  peak  (see  the  lower  panel  of  Fig.  3)  because  it  increases  the 
period  of  the  oscillation  by  elongating  the  electron’s  trajectory  in  k-space. 

At  77  K  (Fig.  4),  we  get  the  conventional  “white”  noise  up  to  millimeter  wave 
frequency.  A  magnetic  field  makes  the  noise  colored  and  introduces  a  peak  at  millimeter 
wave  frequency  by  promoting  streaming  oscillation. 

We  point  out  that  the  correlation  functions  do  not  decay  exponentially  with  time 
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Figure  4:  The  spectral  density  of  Johnson  (or  Nyquist)  noise  at  a  magnetic  flux  density 
of  0  tesla  (upper  panel)  and  10  tesla  (lower  panel).  The  driving  electric  field  is  20  V/cm 
and  the  lattice  (as  well  as  the  electron)  temperature  is  77  K.  A  bulk  acoustic  phonon 
model  has  been  assumed. 

since  the  scattering  processes  are  not  Markovian,  and  consequently  the  lineshapes  of  the 
noise  spectral  density  peaks  are  not  Lorentzian. 

In  Fig.  5  and  6,  we  show  the  dc  component  of  diffusion  coefficient  Z)(0)  as  a  function 
of  driving  electric  field  at  two  different  magnetic  field  strengths  and  at  two  different 
temperatures.  At  a  temperature  of  30  K  (Fig.  5),  the  magnetic  field  decreases  the 
diffusivity  at  low  electric  field  strengths.  Note  that  diffusivity  is  given  by 

D( 0)  =  S( 0)/4  =  dTC(T)  .  (6) 

Jo 

Hence  it  is  the  area  under  the  autocorrelation  function. 

A  magnetic  field  decreases  the  decay  rate  of  the  autocorrelation  function  thus  increas¬ 
ing  the  area  under  the  autocorrelation  curve.  On  the  other  hand,  at  low  electric  electric 
field  strengths,  a  magnetic  field  brings  out  oscillations  in  the  autocorrelation  function  by 
promoting  carrier  streaming.  This  tends  to  reduce  the  area  under  the  autocorrelation 
curve  since  the  function  oscillates  between  positive  and  negative  values.  At  low  electric 
fields  and  at  low  temperature,  the  second  effect  is  more  important  and  hence  the  diffu¬ 
sivity  is  reduced  by  a  magnetic  field.  At  higher  temperatures,  the  first  effect  is  always 
more  important  and  hence  the  diffusivity  increases. 
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Figure  5:  The  diffusivity  versus  electric  field  at  a  magnetic  flux  density  of  0  tesla  (solid 
line)  and  10  tesla  (broken  line).  The  lattice  temperature  is  30  K.  A  bulk  acoustic  phonon 
model  has  been  assumed. 
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Figure  6:  The  diffusivity  versus  electric  field  at  a  magnetic  flux  density  of  0  tesla  (solid 
line)  and  10  tesla  (broken  line).  The  lattice  temperature  is  77  K.  A  bulk  acoustic  phonon 
model  has  been  assumed. 
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Figure  7:  Temporal  evolution  of  the  velocity  autocorrelation  function  at  a  magnetic  flux 
density  of  0  tesla  (upper  panel)  and  10  tesla  (lower  panel).  The  driving  electric  field  is 
2000  V/cm  and  the  lattice  (as  well  as  the  electron)  temperature  is  77  K.  A  bulk  acoustic 
phonon  model  has  been  assumed. 


3.1  Temperature  dependence  of  diffusivity 

It  is  interesting  to  see  that  in  the  absence  of  a  magnetic  field,  the  diffusion  coefficient 
is  larger  at  30  K  than  at  77  K.  The  diffusion  coefficient  should  increase  with  increasing 
electron  temperature  and  mobility  even  though  the  exact  Einstein  relation  may  not  hold 
(in  fact,  the  Einstein  relation  does  not  hold  in  our  case).  Obviously,  the  reduction  in 
the  carrier  mobility  from  30  K  to  77  K  more  than  offsets  the  increase  of  the  electron 
temperature  (electron  and  lattice  temperatures  are  the  same  at  these  low  electric  fields) 
to  make  the  diffusivity  at  30  K  higher  than  that  at  77  K. 

3.2  Effect  of  high  electric  field 

In  Figs.  7  and  8,  we  show  the  velocity  autocorrelation  function  and  the  noise  spectral 
densities  at  a  high  electric  field  of  2000  V/cm.  The  lattice  temperature  is  77  K. 

Note  that  there  are  very  distinct  oscillations  in  the  autocorrelation  function  and 
corresponding  well-resolved  peaks  in  the  noise  spectral  densities.  The  oscillations  are 
pronounced  because  it  is  easier  to  stream  at  higher  electric  fields.  A  condition  for  effective 
streaming  can  be  expressed  as 

tp  <  Ta  caustic  ^ 

where  tp  is  the  oscillation  period  given  in  Equation  (4)  and  Tac0ustic  is  the  mean  time 
between  two  successive  acoustic  phonon  interactions  which  dephase  the  streaming  os¬ 
cillations.  Since  tp  scales  inversely  with  the  electric  field  (assuming  Top  «  tp),  the 
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Figure  8:  The  spectral  density  of  Johnson  (or  Nyquist)  noise  at  a  magnetic  flux  density 
of  0  tesla  (upper  panel)  and  10  tesla  (lower  panel).  The  driving  electric  field  is  2000 
V/cm  and  the  lattice  (as  well  as  the  electron)  temperature  is  77  K.  A  bulk  acoustic 
phonon  model  has  been  assumed. 

inequality  of  Equation  (7)  is  much  easier  to  satisfy  at  higher  electric  fields.  This  is  the 
reason  that  oscillations  become  very  pronounced  at  high  electric  fields.  By  the  same 
token,  the  area  under  the  autocorrelation  curve  decreases  significantly  at  high  electric 
fields  because  the  oscillations  make  the  autocorrelation  function  alternate  between  posi¬ 
tive  and  negative  values.  The  decay  rate  of  the  autocorrelation  curve  also  increases  since 
the  momentum  relaxation  time  is  reduced.  All  of  this  combine  to  cause  the  sharp  fall  in 
the  dc  component  of  diffusivity  at  high  electric  fields  as  seen  in  Fig.  6. 

Finally,  one  other  feature  that  deserves  a  discussion  is  the  strong  influence  of  the 
magnetic  field  on  the  period  of  the  oscillation  when  the  driving  electric  field  is  high. 
Note  that  in  Fig.  1  (E  —  200  V/cm),  the  magnetic  field  increases  the  period  by  only  ~ 
50%,  whereas  in  Fig.  7  (E  =  2000  V/cm),  the  period  increases  by  about  400  %.  This 
difference  is  a  multi-subband  effect.  In  a  high  electric  field,  several  subbands  are  occupied 
in  the  absence  of  a  magnetic  field.  Consequently,  the  value  of  A k  associated  with  a  polar 
optical  phonon  emission  can  be  quite  small  since  the  emission  may  be  taking  place  from 
a  higher  to  a  lower  subband.  In  other  words,  the  polar  optical  phonon  emission  is  often 
an  inter-subband  process  which  does  not  involve  a  significant  momentum  transfer.  Hence 
the  period  of  the  oscillation  (see  Equation  4)  is  small.  However,  when  a  magnetic  field 
is  applied,  the  subband  energy  spacing  increases.  As  a  result,  polar  optical  phonon 
emission  tends  to  be  more  of  an  intra-subband  process.  Consequently,  the  associated 
AA;  is  much  larger.  This  accounts  for  the  large  increase  in  the  period  (caused  by  the 
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magnetic  field)  when  the  driving  electric  field  is  high.  By  the  same  token,  the  magnetic 
field  induced  red  shift  of  the  noise  spectral  density  peak  is  much  more  significant  at  high 
driving  electric  field  strengths. 

4  Conclusions 

In  this  paper,  we  have  showed  the  effects  of  lattice  temperature  and  electric/magnetic 
fields  on  Johnson  noise.  These  effects  reveal  interesting  features  of  carrier  transport  in 
quasi  one-dimensional  systems  and  may  ultimately  find  use  in  creative  “noise  engineer¬ 
ing”. 
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ABSTRACT 

We  have  fabricated  light  emitting  diodes  (LEDs)  with  Schottky  contacts  on  a 
single  ultra-thin  amorphous  silicon  (Si)  layer  containing  Si  nanocrystals  formed 
by  simple  techniques  as  used  for  standard  Si  devices.  Orange  or  red 
electroluminescence  (EL)  from  these  LEDs  could  be  seen  with  the  naked  eye  at 
room  temperature  when  a  reverse  bias  voltage  was  applied.  The  operation  voltage 
is  reduced  to  3.5-5  V,  which  is  low  enough  to  be  applied  by  a  standard  Si 
transistor.  The  origin  of  luminescence  is  also  discussed. 


INTRODUCTION 

It  has  been  expected  that  high-efficiency  light  emitting  diodes  (LEDs)  using  silicon  (Si)  - 
related  materials  can  be  realized  for  monolithic  optoelectronic  integrated  circuits  (ICs).  Of  the 
Si-related  materials  investigated,  porous  Si  (PS)  has  been  studied  most  actively.  The  quantum 
efficiency  and  stability  of  LEDs  based  on  PS  have  gradually  been  improved  [1],  Recently,  Si- 
based  nanostructures  such  as  Si-based  quantum  wells  and  Si  nanocrystals  (Si-NC)  have  also 
been  studied  for  their  light-emitting  characteristics.  These  Si  nanostructures  can  be  formed  using 
methods  which  better  match  standard  silicon  technology  as  compared  with  PS,  since 
electrochemical  processes  are  not  needed.  Based  on  previous  theoretical  studies,  the  optical 
band  gap  is  increased  [2]  and  the  probability  of  radiative  recombination  for  excitons  is  enhanced 
with  a  decrease  in  the  feature  size  of  nanostructures  owing  to  the  quantum  confinement  effect 
[3,4].  The  quantum  size  effect  has  been  experimentally  demonstrated  for  an  amorphous  Si(a- 
Si)/Si02  superlattice  even  at  room  temperature  [5].  Visible  photoluminescence  (PL)  with  high 
efficiency  has  been  reported  with  Si-NCs  formed  by  various  methods  [6-10],  The  reported 
photon  energy  of  the  PL  peak  spectra  is  1.5  to  1.9  eV  (red)  for  most  Si-NCs. 

The  number  of  the  reports  on  electroluminescence  (EL)  from  the  Si-based  nanostructures 
[11-13]  is  very  small  as  compared  with  those  on  PL.  This  is  principally  because  carrier  injection 
induced  electrically  is  more  difficult  than  that  induced  optically  in  the  case  of  Si-based  materials. 
In  the  investigations  reported,  visible  EL  was  obtained  from  Si-NCs  in  an  Si02  matrix  formed 
by  chemical  vapor  deposition  (CVD)  [11]  or  by  SiMmplantation  into  Si02  [12],  and  from  a 
multi-quantum-well  (MOW)  composed  of  40  couples  of  crystallized  a-Si/silicon-nitride  (SiNx) 
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formed  by  plasma-enhanced  CVD  and  laser  annealing  [13].  The  EL  in  some  of  these  cases  was 
strong  enough  to  be  seen  with  the  naked  eye.  These  results  indicate  that  Si-based  nanostructures 
show  promise  in  realizing  LEDs  based  on  Si-related  materials.  However,  the  operating  voltage 
is  still  rather  high  (10-25  V  or  more)  for  the  devices  to  be  driven  by  standard  Si-ICs.  This  is 
because  the  Si-NCs  in  these  cases  are  sandwiched  between  multiple  insulating  layers  or 
embedded  in  thick  insulating  layers,  through  which  the  carriers  must  pass  by  direct  tunneling.  In 
this  study,  we  fabricated  simple  LEDs  with  Scholtky  contacts  on  a  “single”  ultra-thin  a-Si  layer 
containing  Si-NCs  and  without  the  insulating  layers.  Visible  orange  and  red  EL  was  observed 
from  this  LED  with  a  relatively  low  operating  voltage. 


EXPERIMENTS 

The  ultra-thin  a-Si  layers  containing  Si-NCs  were  formed  as  follows.  The  /7-type  Si  wafer 
had  a  diameter  of  150  mm  and  low  resistivity  (0.01  Qcm).  The  surface  was  etched  by  HF 
solutions  before  the  deposition  of  a-Si.  A  molecular  beam  of  Si,  formed  by  resolving  disilane 
using  a  graphite  cracking  heater  [14],  was  deposited  and  a-Si  3  nm  or  18  nm  thick  was  formed 
on  the  Si  substrate  at  room  temperature.  The  Si  substrate  was  heated  at  700,  800,  and  850°C  for 
1  minute  in  purified  nitrogen  or  oxygen  gas  in  order  to  convert  a-Si  partially  to  nanocrystals.  It 
took  about  3  minutes  to  increase  the  temperature  from  room  temperature  to  the  heating 
temperature.  After  heating,  the  samples  were  cooled  passively  in  purified  nitrogen.  During  the 
heating  in  oxygen,  an  oxide  thinner  than  1  nm  may  be  formed  simultaneously  [15].  PL 
measurements  for  these  samples  were  performed  using  an  Ar+  laser  (488  nm)  at  room 
temperature.  The  structure  of  these  samples  was  observed  using  a  high-resolution  transmission 
electron  microscope  (HR-TEM).  Metal  contacts  composed  of  titanium  and  gold  (Ti/Au)  were 
formed  by  electron  beam  (EB)  evaporation  on  the  back  of  the  substrate.  Ti/Au  contacts  100  x 
100  fim2  in  area  were  formed  on  the  surface  of  the  Si-NCs  by  the  lift-off  process.  Device 
isolation  was  not  employed.  Figure  1  shows  a  cross-sectional  scheme  of  the  resulting  device.  For 
reference,  /7-type  Si  substrates  were  also  annealed  in  oxygen  gas  and  the  devices  with  Schottky 
contacts  were  fabricated  on  them.  The  current-voltage  (I-V)  characteristics  were  measured  at 
room  temperature.  EL  was  measured  at  room  temperature  using  a  monochromator  and  a 
photomultiplier. 


RESULTS 

At  room  temperature,  the  PL  signals  with  a  peak  photon  energy  of  about  1.9  eV  and  weak 
intensity  were  obtained  from  the  a-Si  layers  3  nm  thick  heated  at  700°C  in  both  nitrogen  and 
oxygen.  From  those  heated  at  800°C  in  nitrogen,  the  PL  signals  with  a  peak  photon  energy  of 
about  1.7  eV  and  very  weak  intensity  were  obtained.  On  the  other  hand,  there  were  no  detectable 
PL  signals  from  the  other  specimens.  These  results  are  summarized  in  Table  2. 

Figure  2  shows  a  cross-sectional  HR-TEM  lattice  image  of  an  a-Si  layer  3  nm  thick  heated 
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at  700°C  in  oxygen.  Tiny  Si-nanocrystal  islands  of  almost  hemispherical  shape,  2-3  nm  wide 
and  about  1  nm  high,  which  were  not  seen  in  the  case  of  a  non-annealed  sample,  are  seen  in  the 
a-Si  layer.  The  presence  of  stacking  faults  between  the  islands  and  the  substrate  indicates  that 
these  islands  are  formed  after  the  deposition  of  the  a-Si  layer  and  that  there  is  an  interfacial 
layer.  The  thickness  of  the  surface  oxide  is  thought  to  be  comparable  to  that  of  the  native  oxide. 
In  the  case  of  heating  in  nitrogen,  similar  tiny  islands  of  almost  the  same  size  were  formed.  A 
previous  report  indicated  that  2-3  nm  rectangular  nanocrystals  were  formed  inhomogeniously  in 
the  [111]  direction  by  a  similar  method  and  that  strong  blue  PL  was  observed[16].  The 
structures  converted  from  a-Si  layers  heated  under  several  conditions  are  summarized  in  Table  1. 
In  the  case  of  a-Si  3  nm  thick  heated  at  800°C  in  nitrogen,  the  nanocrystal  islands  were  3  nm 
wide  and  1.5  nm  high.  In  the  case  of  a-Si  3  nm  heated  at  850°C  in  nitrogen,  most  of  the  a-Si  was 
converted  to  polycrystalline  silicon.  In  the  case  of  a-Si  3  nm  thick  heated  at  800  and  850°C  in 
oxygen,  most  of  the  a-Si  was  converted  to  silicon  oxide.  It  has  been  found  that  the  size  of  the 
nanocrystal  islands  formed  from  a-Si  3  nm  thick  was  larger  than  that  formed  from  a-Si  18  nm 
thick  under  the  same  heating  conditions.  This  is  probably  because  crystallization  is  suppressed 
owing  to  surface  stress  in  the  a-Si  layer  in  the  case  of  ultra-thin  a-Si. 

The  I-V  characteristics  of  the  devices  fabricated  using  these  samples  show  rectifying 
behavior.  Figure  3  shows  typical  I-V  characteristics  measured  for  the  devices  fabricated  using 
samples  heated  at  700  and  800°C  in  nitrogen.  The  I-V  characteristics  approach  those  of  ohmic 
contacts  as  the  heating  temperature  is  increased.  On  the  other  hand,  in  the  case  of  heating  in 
oxygen,  the  I-V  characteristics  approach  those  of  MIS  diodes  as  the  heating  temperature  is 
increased. 

Visible  EL  emission  was  observed  from  some  of  these  Si-NC  devices.  Orange  EL  emission 
was  obtained  from  the  devices  fabricated  using  samples  heated  at  700°C  in  nitrogen  or  oxygen, 
and  the  emission  was  clearly  seen  with  the  naked  eye  at  room  temperature  when  a  reverse  bias 
voltage  was  applied.  In  the  case  of  the  devices  fabricated  using  samples  heated  in  oxygen,  the 
critical  reverse  current  (I„)  for  the  observation  of  light  emission  with  the  naked  eye  was  30-40 
mA,  where  the  applied  voltage  was  4.0-4.5  V.  These  1-V  characteristics  were  stable  and 
changed  little  after  repeated  observation  of  the  EL.  The  Icr  of  the  devices  fabricated  using 
samples  heated  for  1  minute  in  nitrogen  was  about  60mA,  where  the  applied  voltage  was  about  5 
V.  The  external  quantum  efficiency  for  these  devices  was  Ixl0‘3-lxl0'2  %.  The  reverse  current 
increased  and  EL  intensity  decreased  every  time  the  I-V  characteristics  were  measured.  This  is 
because  the  surface  oxidation  due  to  heating  in  oxygen  is  effective  in  stabilizing  the  operation  of 
the  EL  device.  Red  EL  emission  was  obtained  at  3.5-4.0  V  from  the  devices  fabricated  using 
samples  heated  at  800°C  in  nitrogen.  However,  no  visible  EL  was  observed  from  the  devices 
fabricated  using  samples  heated  at  800  or  850°C  in  oxygen,  where  a-Si  was  almost  completely 
converted  to  oxide.  In  addition,  visible  EL  emission  was  not  obtained  from  the  devices 
fabricated  using  samples  without  heating  or  those  heated  at  850°C  in  nitrogen,  where  most  of 
the  a-Si  was  converted  to  polycrystalline  Si.  The  results  for  EL  emission  from  the  devices 
fabricated  using  a-Si  heated  under  several  conditions  are  summarized  in  Table  2.  The  results  in 
Table  2  indicate  that  the  visible  EL  is  related  to  the  existence  of  Si-NCs  less  than  3  nm  in  lateral 
diameter  formed  in  the  a-Si  layer. 
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Figure  4  shows  typical  EL  spectra  for  devices  fabricated  using  samples  heated  at  700  and 
800°C  in  nitrogen.  The  spectra  were  measured  at  room  temperature  when  the  reverse  current 
was  60  mA.  The  EL  spectra  for  devices  fabricated  using  samples  heated  at  700°C  in  oxygen 
were  similar  to  the  spectrum  for  700°C  heating.  In  Fig.  4,  two  peaks  are  visible  in  the  spectrum 
for  700°C  heating.  In  this  spectrum,  the  peak  wavelength,  equivalent  photon  energy  and  full- 
width  at  half-maximum  (FWHM)  are  650  nm,  1.9  eV  and  110  nm  for  the  major  peak,  and  570 
nm,  2.2  eV  and  30  nm  for  the  minor  peak,  respectively.  The  peak  wavelength  and  FWHM  of  the 
main  peak  are  close  to  those  obtained  from  an  MQW  of  crystallized  a-Si/a-SiNx  [13].  In  the 
spectrum  for  800°C  annealing,  there  is  a  single  peak  with  a  peak  wavelength  of  720  nm,  an 
equivalent  photon  energy  of  1.7  eV  and  an  FWHM  of  50  nm.  If  quantum  confinement  of  carriers 
in  Si-NCs  is  responsible  for  Ihe  EL  emission,  it  can  be  thought  that  this  peak  shift  by  increasing 
the  size  of  Si-NCs  is  due  to  the  quantum  size  effect. 


ORIGIN  OF  LUMINESCENCE 

It  should  be  noted  that  the  spectra  shown  in  Fig.  4  are  quite  different  from  the  spectrum 
produced  by  a  reverse-biased  p-n  junction  of  silicon,  where  the  spectrum  spans  the  entire  visible 
range  and  the  emitted  light  is  white  [17].  Furthermore,  since  the  a-Si  where  hydrogen  is  effused 
by  annealing  can  not  exhibit  detectable  PL  at  room  temperature  owing  to  the  defect  states  for  a 
non-radiative  recombination  process  [18],  the  EL  is  not  thought  to  be  emitted  from  the  a-Si  layer. 
This  is  also  confirmed  by  the  result  that  no  EL  was  emitted  from  the  devices  fabricated  on  an  a- 
Si  layer  18nm  thick  annealed  in  oxygen  or  nitrogen,  where  larger  crystals  were  easily  formed  in 
a-Si  compared  with  a-Si  layer  3nm  thick.  This  result  also  indicates  that  the  origin  of  EL  is 
neither  defects  at  the  a-Si  surface  or  interface  nor  those  related  to  SiOx  [19],  in  which  the  defect 
states  are  not  dependent  on  the  thickness  of  the  a-Si.  Thus,  the  results  summarized  in  Table  2 
can  not  be  explained  by  the  existence  of  emission  centers  in  a-Si  or  at  the  interface  of  a-Si/Si- 
NC  or  SiOx/a-Si.  Although  the  origin  of  EL  is  still  unclear  at  this  stage,  the  authors  speculate  on 
the  origin  as  follows.  This  light  emission  is  related  to  the  formation  of  Si-NCs  in  an  ultra-thin 
a-Si  layer,  considering  the  fact  that  luminescence  was  obtained  only  when  Si-NCs  with  a  lateral 
size  less  than  2  nm  and  height  less  than  1.5  nm  were  present.  The  luminescence  may  be  due  to 
some  confinement  effect,  considering  the  fact  that  no  luminescence  was  emitted  from  a-Si  layers 
18nm  thick  annealed  in  oxygen  or  nitrogen,  where  crystals  larger  than  5nm  were  easily  formed. 
The  red  shift  of  the  luminescence  peak  wavelength  with  increasing  Si-NC  size  also  suggests  the 
quantum  confinement  effect  in  Si-NCs.  Although  there  is  not  enough  evidence  to  show  the 
confinement  effect  in  Si-NCs  at  present,  it  is  likely  that  the  luminescence  is  emitted  from  Si- 
NCs. 

Figure  5(a)  shows  the  schematic  band  diagram  of  this  structure  expected  by  the  authors. 
The  very  thin  surface  oxide  (or  native  oxide)  and  inlerfacial  layer  may  act  as  a  barrier  to 
electrons  and  holes.  It  has  been  reported  that  the  band  gap  of  ultra-thin  a-Si  is  1.6-1. 7  eV,  and 
this  may  be  substantially  increased  as  compared  with  bulk  a-Si  because  of  the  confinement 
effect  [5].  However,  the  efficiency  of  radiative  recombination  in  a-Si  is  very  low  [18].  The 
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electrons  may  be  confined  in  the  Si-NC/a-Si  or  />-type-Si/Si-NC  interface  region  when  a  reverse 
voltage  is  applied,  as  shown  in  Fig.  5(b).  Some  of  the  electrons  may  be  trapped  at  the  interface 
states  between  a-Si  and  Si-NC  since  a-Si  contains  high-density  trap  sites  [18].  Although  the 
holes,  which  pass  through  the  surface  oxide  by  tunneling,  cannot  be  confined  in  NCs,  they  can 
be  trapped  at  the  interface  states  between  a-Si  and  Si-NC.  It  is  likely  that  the  recombination  of 
“confined”  electrons  and  “trapped”  holes  is  responsible  for  the  luminescence,  since  the 
recombination  of  “trapped”  electrons  and  “trapped”  holes  may  be  non-radiative  [18].  The  reason 
for  the  weak  intensity  of  PL  is  thought  to  be  that  the  density  of  NC  is  low  and  the  carrier 
confinement  is  not  strong  when  no  bias  voltage  is  applied.  However,  further  study  is  needed  for 
the  confirmation  of  this  model. 


REASON  FOR  THE  OBSERVATION  OF  EL  AT  LOW  VOLTAGE 

The  fact  that  EL  was  emitted  only  under  reverse  bias  is  unique  as  compared  with  those  on  PS 
or  Si-NCs.  The  authors  think  that  EL  is  obtained  when  the  electrons  and  holes  are  produced  in 
/>-type  Si,  a-Si  or  Si-NC  by  impact  ionization  (i.e.  avalanche  breakdown  occurs)  [20]  when  a 
large  reverse  bias  voltage  is  applied,  and  the  electrons  are  transferred  into  NC-Si,  where  they 
contribute  to  EL,  as  shown  in  Fig.  5(b).  Holes  are  also  injected  from  the  metal  contact  through 
the  surface  SiO„  layer  into  a-Si  or  Si-NCs.  Since  avalanche  breakdown  occurs  easily  in  our 
devices  because  of  the  thin  a-Si  thickness  and  high  acceptor  concentration  in  the  p- type 
substrate,  the  operation  voltage  for  visible  EL  can  be  reduced  to  3.5-5  V,  which  is  so  low  that 
these  diodes  can  be  driven  by  a  standard  Si  bipolar  transistor.  The  external  quantum  efficiency 
of  EL  will  be  improved  by  increasing  the  density  of  NCs  and  strengthening  the  carrier 
confinement.  Thus,  the  LED  that  the  authors  have  demonstrated  is  a  promising  device  for 
realizing  a  monolithic  optoelectronic  ICs. 

It  should  be  noted  that  strong  EL  can  be  obtained  from  just  a  single  ultra-thin  layer.  The 
volume  of  the  light-emitting  layer  for  our  devices  is  30  to  500  times  smaller  than  that  of  EL  cells 
of  Si-based  nanostructures  in  which  a  bright  EL  is  visible  to  the  eye  [12-13].  This  result 
suggests  that  the  LED  based  on  the  Si/SiO;  (or  SiNx)-MQW  with  an  even  smaller  number  of  Si 
well-layers  can  exhibit  EL  strong  enough  to  be  seen  with  the  naked  eye,  although,  in  general,  it 
is  thought  that  a  large  number  of  well-layers  is  needed. 


SUMMARY 

The  authors  have  fabricated  LEDs  with  Schotlky  contacts  on  an  single  ultra-thin  a-Si  layer 
including  Si-NCs  formed  by  a  simple  method.  These  LEDs  exhibit  orange  or  red  EL  that  can  be 
seen  with  the  naked  eye  at  room  temperature.  The  authors  inferred  that  the  origin  of  EL  is 
related  to  the  quantum  confinement  effect  of  the  Si-NCs  embedded  in  a-Si.  The  turn-on  voltage 
for  light  emission  was  3.5-5  V,  which  is  low  enough  to  be  applied  by  a  standard  Si  device.  These 
results  suggest  that  the  LEDs  based  on  the  Si/Si02  (or  SiNx)-MQW  even  with  a  small  number  of 
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Si  well-layers  can  exhibit  strong  EL. 


ACKNOWLEDGMENTS 

The  authors  would  like  to  express  their  gratitude  to  Dr.  T.  Sakai  of  the  Advanced 
Semiconductor  Laboratories  and  S.  Hosoi  of  the  Microelectronics  Center  of  Toshiba 
Corporation  for  their  valuable  suggestions  and  technical  support  in  device  fabrication.  They 
would  also  like  to  thank  Dr.  A.  Toriumi,  M.  Ishikawa,  and  Dr.  A.  Kurobe  of  the  Research  and 
Development  Center  of  Toshiba  Corporation  for  their  helpful  discussion.  The  first  author  would 
like  to  express  gratitude  to  Dr.  L.  Sedarcreek  for  helpful  advice. 


References 

[1]  P.M.  Fauchet,  J.  Lumines.  70,  294(1996). 

[2]  J.P.  Proot,  C.  Delerue,  and  G.  Allan,  Appl.  Phys.  Lett.  61,  1948  (1992). 

[3]  T.  Takagawara  and  K.  Takeda,  Phys.  Rev.  B,  46,  15578  (1992). 

[4]  J.B.  Khurgin,  E.W.  Forsythe,  G.S.  Tompa,  and  B.A.  Khan,  Appl.  Phys.  Lett.  69,  1241  (1996). 

[5]  Z.H.  Lu,  D.J.  Lookwood  and  J.-M.  Baribeau,  Nature  378  (1995)  258. 

[6]  H.  Takagi,  H.  Ogawa,  Y.  Yamazaki,  A.  Ishizaki,  and  T.  Nakagiri,  Appl.  Phys.  Lett.  56,  2379 
(1990). 

[7]  Y.  Kanemitsu,  T.  Ogawa,  K.  Shiraishi,  and  K.  Takeda,  Phys.  Rev.  B,  48,4883  (1993). 

[8]  S.  Schupper,  S.L.  Friedman,  M.A.  Marcus,  D.L.  Adler,  Y.-H.  Xie,  F.M.  Ross,  T.D.  Harris, 
W.L.  Brown,  Y,J,  Chabal,  L.E.  Brus,  and  P.H.  Citrin,  Phys.  Rev.  Lett.  72,  2648  (1994). 

[9]  T.  S-.  Iwayama,  S.  Nakao,  K.  Saitoh,  Appl.  Phys.  Lett.  65,  1814  (1994). 

[10]  X.  Zhao,  O.  Schoenfeld,  J.  Kusano,  Y.  Aoyagi,  and  T.  Sugano,  Jpn.  J.  Appl.  Phys.  2,  33,  649 
(1994).  J.  Appl.  Phys.  2,  33,  899  (1994). 

[11]  G.S.  Tompa,  D.C.Morton,  F.T.  Monmouth,  B.S.  Sywe,  Y.  Lu,  E.W.  Forsythe,  J.A.  Ott,  D. 
Smith,  J.B.  Khurgin,  B.A.  Khan,  N.A.Phlips,  Mater.  Res.  Soc.  Symp.  Proc.  358  701(1995). 

[12]  L.-S.Liao  X.-M.Bao,  N.-S.  Li,  X.-Q.Zheng,  and  N.-B  Min,  Solid  State 
Commun  .97, 1039(1 996).  409(1994). 

[13]  K.  Chen,  M.  Wang,  W.  Shi,  L.  Jiang,  W.  Li,  J.  Xu,  and  X.  Huang,  J.  Non-Cryst.  Solids,  198, 
833  (1996). 

[14]  N.  Sugiyama,  J.  Crystal  Growth,  172  376(1997). 

[15]  The  thickness  of  oxide  formed  on  a  crystalline  Si  substrate  for  one  and  three  minutes  of 

heating  was  about  0.5  and  0.7  nm,  respectively. 

[16]  O.  Schoenfeld,  X.  Zhao,  J.  Christen,  T.  Hempel,  S.  Nomura,  and  Y.  Aoyagi,  Solid  State 
Electron.  40,  605  (1996). 


Electrochemical  Society  Proceedings  Volume  98-19 


634 


[17]  J.  Bude,  N.  Sano,  and  A.  Yoshii,  Phys.  Rev.  B  45,  5848(1992). 

[18]  The  Physics  and  Applications  of  Amorphous  Semiconductors ,  edited  by  A.  Madan  and  M. 
Shaw  (San  Diego,  1988)  p.  106. 

[19]  L.  N.  Skuja,  A.  R.  Silin,  and  A.G.  Boganov,  J.  Non-cryst.  Solids  63,  431(1984). 

[20]  The  reverse  I-V  characteristics  does  not  exhibit  “sharp”  break  down,  which  is  typical 
avalanche  breakdown  characteristics,  since  the  major  part  of  reverse  current  pass  through  the 
a-Si  area  where  NC  does  not  exit  and  a-Si  (without  hydrogen)  contain  high  density  defects  for 
electron  hopping. 


Atmosphere 

Temperature  (°C) 

Thickness  of  a-Si  (nm) 

N2 

700 

3 

N2 

800 

3 

N2 

850 

3 

02 

700 

3 

02 

800 

3 

02 

850 

3 

N2 

700 

18 

N2 

800 

18 

02 

700 

18 

02 

800 

18 

Table  1  :  Annealing  conditions  and  initial  thickness  of  a-Si  layer 
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Atmosphere 

Temperature 

CC) 

PL  /peak 
wavelength  (nm) 

EL  /peak 
wavelength  (nm) 

N2 

700 

A  /  650 

0/650 

N2 

800 

A  /  ~720 

O  /  720 

N2 

850 

- 

- 

02 

700 

A  /  650 

0/650 

02 

800 

- 

- 

02 

850 

- 

Table  2  :  Correlation  between  luminescence  and  annealing  conditions  for 
formation  of  Si-NCs  using  a-Si  layer  3nm  thick  .  ( Intensity :  O :  strong,  A: 
weak,  A:  very  weak )  Note  that  no  luminescence  was  observed  from  those 
using  a-Si  layer  18  nm. 
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Si  nanocrystals 
( in  a-Si  or  Si02) 


Figure  1 :  Cross-sectional  scheme  of  the  device. 


Si  substrate 

Figure  2  :  Cross  sectional  high  resolution  TEM  lattice  image 
of  the  a-Si  layers  heated  for  one  minute  in  oxygen. 
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Intensity  (a.u.)  3  Current  (mA) 


-6  -4-2  0  2 


Voltage  (V) 

3  :  Typical  l-V  characteristics  for  the  device  fabricated 
using  samples  heated  at  700  and  800°C  in  nitrogen. 


500  600  700  800 

Wavelength  (nm) 

Figure  4  :  Typical  EL  spectra  for  devices  fabricated  using  samples 
heated  at  700  and  800°C  in  nitrogen. 
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interfacial  layer 


Fig.5  Schematic  band  diagram  of  device  structure 
under  no  bias  voltage  (a),  and  under  reverse  bias  voitage(b) 
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Abstract 


A  quantitative  prediction  of  quantum  transport  properties  of  atomic 
scale  devices  requires  detailed  knowledge  of  the  microscopic  degrees 
of  freedom.  To  this  end,  we  have  developed  an  ab  initio  method  for 
calculating  transport  properties  of  atomic  scale  devices.  Our  method 
combines  quantum  molecular  dynamics,  evaluation  of  the  single  elec¬ 
tron  scattering  potential  within  density  functional  theory,  and  finally 
the  solution  of  the  three-dimensional  quantum  scattering  problem.  In 
this  work  we  investigate  the  effects  of  ionic  thermal  fluctuations  on  the 
transport  properties  of  an  atomic  scale  junction  consisting  of  an  AI13 
cluster  coupled  to  metallic  leads.  For  ionic  temperatures  of  150#  and 
450#,  the  conductance  of  the  atomic  junction  fluctuates  around  3xG0, 
where  G0  =  2 e2/h,  with  a  fluctuation  amplitude  less  than  G0 •  On  the 
other  hand,  the  electro-chemical  capacitance  is  found  to  fluctuate  be¬ 
tween  two  values  due  to  the  position  of  the  Fermi  energy. 

Introduction 

In  a  ballistic  nanoscale  constriction,  conductance  is  quantized  in  units  of  G0  = 
2 e2/h,  representing  the  conductance  of  a  single  spin-degenerate  transport  channel. 
Recent  experiments  have  shown  that  the  conductance  in  a  single-atom  constriction 
is  approximately  e2(h  times  the  valence  of  the  atom  [1].  Ab  initio  calculations  of 
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transport  in  Si  atomic  chains  predict  quantized  conductance  and  the  development 
of  a  conductance  gap  as  the  length  increases  [2].  It  was  also  predicted  that,  in  a 
single  Si  atom  tunnel  junction,  resonant  transmission  occurs  at  the  energy  levels 
of  the  isolated  atom  [3].  In  addition,  for  atomic  wires  made  of  Carbon  atoms, 
conductance  oscillates  as  the  number  of  atoms  changes  from  odd  to  even  and 
vice-versa  [4].  These  investigations  demonstrate  that  transport  in  atomic  scale 
nano-systems  is  strongly  coupled  to  microscopic  degrees  of  freedom. 

The  relevant  energy  scale  in  these  atomic  systems  is  of  the  order  of  atomic 
energy  level  spacing.  This  spacing  is  of  the  order  A E  ~  leV  >  kBT,  so  that 
conductance  quantization  is  not  smeared  out  by  electronic  fluctuations  resulting 
from  a  finite  temperature.  Many  experiments  have  confirmed  this  fact  [5].  On  the 
other  hand,  the  energy  levels  of  an  atomic  junction  depend  sensitively  on  its  atomic 
structure.  At  room  temperature,  the  atoms  of  an  atomic  device  fluctuate  about 
their  equilibrium  position  causing  rearrangements  of  the  energy  levels.  Hence  it 
is  interesting  to  ask  how  these  thermal  fluctuations  affect  transport  properties  on 
average,  and  further  on  the  time  domain.  Ref.  6  is  the  first  to  address  this  ques¬ 
tion  from  an  atomic  point  of  view,  by  investigating  the  Kubo  conductivity  in  a 
Na  cluster.  For  a  Na  atomic  junction,  an  interesting  discovery  was  that  the  Kubo 
conductivity  has  large  fluctuations  [6]  as  a  function  of  time  in  the  range  of  picosec¬ 
onds.  These  fluctuations  were  certainly  a  reflection  of  the  thermal  fluctuation  of 
the  Na  atoms  at  a  finite  temperature. 

Since  transport  in  a  coherent  conductor  is  intrinsically  a  quantum  scattering 
problem,  and  since  experimentally  it  is  the  conductance  (as  opposed  to  conduc¬ 
tivity)  which  is  measured,  it  is  desirable  to  solve  the  quantum  scattering  problem 
for  atomic  junctions  to  directly  obtain  conductance  in  the  theoretical  framework 
of  Landauer  and  Biittiker  [7,  8].  In  this  work  we  report  our  investigations  in  this 
direction,  and  focus  on  thermal  effects  on  transport  in  atomic  junctions.  In  par¬ 
ticular,  we  focus  on  an  atomic  junction  formed  by  an  A1i3  cluster  which  couples  to 
the  outside  world  through  two  high  density  metallic  leads.  In  this  work  the  leads 
are  modeled  by  the  jellium  model. 

Our  numerical  calculations  are  from  first  principles.  Our  method  combines 
quantum  molecular  dynamics,  evaluation  of  single  electron  scattering  potential 
within  the  density  functional  theory,  and  finally  a  direct  solution  of  the  scatter¬ 
ing  problem  using  a  transfer  matrix.  For  temperatures  at  150 AT  and  450 K,  the 
conductance  of  the  atomic  junction  fluctuates  around  3xG„  with  a  fluctuation 
amplitude  less  than  G0.  On  the  other  hand  the  electro-chemical  capacitance  is 
found  to  fluctuate  between  two  values  due  to  the  position  of  the  Fermi  energy.  In 
the  following  sections  we  first  discuss  the  computational  method,  followed  by  our 
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results  for  the  A1i3  cluster. 

II.  Computational  Method 

To  make  the  discussion  clearer,  it  is  appropriate  to  state  what  we  mean  by 
an  atomic  device.  In  this  work  an  atomic  device  consists  of  an  atomic  cluster 
with  atomic  positions  at  {#/},  coupled  to  outside  world  through  metallic  leads. 
The  leads  extend  far  away  from  the  cluster  and  connect  to  electron  reservoirs  with 
chemical  potential  nL-  In  the  Landauer-Biittiker  theoretical  framework  [7,  8],  we 
can  relate  the  electronic  transport  properties  to  the  scattering  matrix  for  a  single 
electron  interacting  with  an  effective  potential  Kff  which  describes  the  device. 
The  effective  potential  includes  the  relevant  microscopic  degrees  of  freedom:  the 
nature  of  the  leads,  the  atomic  positions,  the  electron-electron  interactions,  the 
ion-electron  interactions,  the  boundary  conditions,  and  the  external  bias  voltages. 
We  give  a  brief  description  of  how  we  describe  these  degrees  of  freedom. 

A.  Leads 

In  our  theoretical  analysis,  the  leads  play  the  role  of  connecting  the  device 
with  the  outside  world  and  guide  the  incoming  and  outgoing  waves  to  and  from 
the  device.  The  electronic  structure  of  the  leads  must  be  solved  together  with  the 
device.  We  may  consider  two  models  for  the  leads,  atomic  leads  and  jellium  leads. 
An  atomic  lead  consists  of  a  unit  cell  repeated  in  the  lead  direction.  The  band 
structure  of  the  lead  can  be  non-trivial.  For  example,  Si  atomic  chains  develop  a 
band  gap  as  the  length  of  the  chain  increases  [2].  The  eigenfunctions  of  atomic 
leads  are  Bloch  states  {^f  }•  The  scattering  problem  involves  the  propagation 
of  an  incoming  Bloch  wave  "through  the  atomic  lead,  scattering  by  the  lead-device 
junction,  traversing  and  scattering  through  the  atomic  section,  and  again  scattering 
by  the  other  lead-device  junctions,  and  finally  transmitting  through  or  reflecting 
back.  While  atomic  leads  can  be  employed,  the  calculation  tends  to  be  more 
complicated. 

A  simpler  model  for  the  leads  is  the  jellium  model  which  is  used  in  this  work. 
For  a  transport  problem,  jellium  leads  reasonably  mimic  the  high  density  elec¬ 
trodes  [4].  A  jellium  lead  consists  of  a  rectangular  block  of  uniform  positive  com¬ 
pensating  background  screened  by  the  valence  electron  density.  The  compensating 
density  is  chosen  so  that  the  electron  density  of  the  lead  is  the  same  as  the  electron 
density  of  the  bulk  substance  being  studied.  The  eigenfunctions  of  the  leads  are 
plane  waves  in  the  lead  direction  (the  ^-direction)  multiplied  by  transverse  eigen¬ 
functions.  The  dispersion  relation  in  the  ^-direction  is  trivial:  E^  n  =  -f  +  e« 
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where  n  indexes  the  transverse  subband.  For  an  electron  of  energy  E  inside  the 
incoming  lead,  we  only  need  consider  subbands  en  <  E  because  higher  subbands 

are  sn!ePH°PT  ,  1' Bmpbaaize  that  while  the  positive  charges  in  a  jellium  lead 
are  spread  uniformly  throughout  the  lead  volume,  the  electrons  of  the  lead  must  be 

potential'  °“r  ^  *y  fUnCti0"al  analysis  which  Pr°duces  the  effective  scattering 

B.  Atomic  Positions 

i„r»«Tr^SP°rt  pr°pert!es  of  atomic  devices  depend  sensitively  on  atomic  struc- 
‘  r.  ,  ThuS  We  obtaln  the  future  before  calculating  the  scattering  matrix. 

hermore,  in  this  paper  we  will  be  interested  in  the  effects  of  thermal  fluctu¬ 
ations  of  the  atomic  positions.  In  general,  obtaining  the  equilibrium  structure  is 
a  time-consuming  process.  To  speed  this  up,  we  decided  to  minimize  a  non-self 
consistent  density  functional  (the  Harris  functional)  E[Po(f);  {£,}]  to  determine 
the  equilibrium  structure.  This  is  done  using  a  localized  basis  set  and  an  iso- 

Tl' Jensity  (“I-  With  the  atomic  forces  calculated 

th  s  way,  the  dynamics  of  the  atomic  motion  is  governed  by  the  usual  Langevin 
equation  with  the  proper  temperature  dependent  noise  term.  This  first  principles 

QMDZeTons  ff  *  iQMD)  tme*h°d  is  ““PUtationally  faster  than  the 

QMD  based  on  self-consistent  density  functional  theory,  but  it  is  slower  than  em- 

«  t”g  methods'  Thc  Procedure  is  similar  to  tight-binding  methods 
m  that  the  Hamiltonian  and  overlap  matrices  are  sparse  and  well-suited  to  O(N) 
electronic  structure  approaches.  Using  this  QMD,  the  instantaneous  atomic  posi- 
and  450Jf  °btamed  88  a  function  of  time  t  lot  the  Alu  cluster  at  150ff 

C.  Electronic  Degrees  of  Freedom 

The  electronic  degrees  of  freedom  consist  of  the  electron-electron  interaction 
ion-electron  interaction  and  boundary  conditions.  A  scattering  state  is  extended 
connecting  the  two  macroscopic  leads.  The  scattering  states  interact  weakly  with 
the  electrons  in  the  device  so  that  we  can  separate  the  two  and  describe  the  inter- 
action  in  terms  of  the  effective  potential  mentioned  before. 

We  further  separate  the  electrons  in  the  device  into  valence  electrons  and  core 
electrons.  The  core  electrons  are  included  in  a  pseudopotential  that  describes  the 
ion-electron  interaction.  For  this  work,  we  use  a  local  pseudopotential  [121.  Stan- 
J*  non-loca|norm-conserving  pseudopotentials  can  also  be  applied  [13]  but  the 
scattering  problem  becomes  very  difficult  in  the  presence  of  a  non-local  potential. 
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The  electron-electron  interactions  are  described  within  the  LDA  of  density 
functional  theory.  Here  we  note  that  the  standard  Hartree  mean-field  express, on 
for  the  electrostatic  energy, 

r  pi?) 


*  rVinirp  of  “free”  boundary  conditions  or  boundaries  at  infinity.  The 
=teofah—  at"  finite  distance  introduces  a  surface  term  which  is  pro- 

portional  to  the  surface  charge  density.  We  can  separate  ‘he  s“f^XtLn 
the  device  charges  so  that  it  is  appropriate  to  describe  the 'n‘erfctl™.be^e(,en 
the  device  electrons  and  the  surface  electrons  using  a  classical  electrosti atic  pot  - 
tial  Eauivalently  we  can  solve  the  Poisson  equation  with  appropriate  bounda  y 
condiSo  describe  the  effect  of  surface  charges.  In  oar*-*. 
dimensional  (3D)  Poisson  equation  is  solved  using  a  multigrid  boun  y 

S0lVOnce  the  boundary  conditions  are  chosen,  we  solve  the  Kohn-Sham  equations 
If  nnqidtpntlv  The  self-consistent  solution  includes  the  response  of  the  device  to 

zero  bias  limit.  The  results  presented  in  this  work  are  calculated  m  this  hmit ^ 
The  effective  potential  that  describes  the  device  is  just  the  Kohn-Sham 

tive  potential  - 

6E\p{f)\{Ri}} 

8p(P)  ‘ 

We  note  that  the  density  of  the  scattering  state  is  not  included  in  the  effective 

potential  and  so  the  scattering  states  are  i “a*uraUy;elf:“t‘°en,^ds  ^  the 
cussed  above,  it  is  important  to  include  the  charge  densities  of  the  leads  into 

calculation  of 

III.  Scattering  Calculation 

The  Landauer-Buttiker  formalism  relates  the  conductance  and  other  transport 
the  Landau er  du  Tq  obtain  the  scattering  matrix 

properties  to  the  scattering  matrix  /  l 
for  our  system,  we  write  the  scattered  state 

f  'kf  =  #  +  Ej 2<° 

=  J  0  ^  r  <  f 

\  =  z>e 
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Figure  1:  Schematic  representation  of  scattering  calculation.  Electrons  in  the  left 
lead  will  be  partially  reflected  and  transmitted  because  they  are  scattered  off  the 
device.  The  inner  scattering  region  is  described  by  the  self-consistent  effective 
potential.  Part  of  the  leads  must  be  included  in  the  self-consistent  calculation  to 
properly  couple  the  lead  and  the  device. 

where  {ipL/R}  are  the  left/right  moving  states  of  the  leads.  For  jellium  leads, 
{ijjL/R}  consist  of  transverse  eigenfunctions  multiplied  by  left/right  plane  waves. 
For  atomic  leads,  {<tj)LfR}  are  Bloch  states. 

The  transfer  matrix  method  enables  us  to  solve  for  the  transmission  and  re¬ 
flection  coefficients  {r^ ,  Uj}.  Essentially,  we  divide  the  device  into  slices  along  the 
2-direction  and  expand  the  wavefunctions  on  each  slice.  We  impose  continu¬ 
ity  at  each  slice.  This  allows  us  to  relate  the  wavefunction  at  z  =  0  and  z  =  d. 
Matching  boundary  conditions  allows  us  to  solve  for  the  unknown  coefficients.  We 
then  use  this  to  construct  the  scattering  matrix  and  evaluate  quantities  such  as 
conductance  and  capacitance  [7,  8,  9]. 

IV.  Results  and  Discussion 

There  are  two  possible  sources  of  fluctuations  in  our  system:  electronic  fluc¬ 
tuations  and  ionic  fluctuations .  In  atomic  scale  systems,  the  energy  level  spacing 
is  of  the  order  of  A E  ~  leV  so  the  electronic  excitations  are  gapped.  The  thermal 
energy  scale  at  room  temperature  is  much  smaller  than  A E,  thus  the  electronic 
fluctuations  are  unimportant  to  conductance.  It  is  also  possible  to  consider  the 
effect  of  electronic  excitations  by  considering  a  free-energy  density  functional  [14]. 
This  would  yield  a  new  thermally  averaged  effective  potential  V^(T).  The  elec¬ 
tronic  excitations  will  still  be  gapped,  thus  they  will  not  change  the  transport 
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properties  in  any  substantial  way.  On  the  other  hand,  the  ionic  fluctuations  are 
inherently  soft  modes  which  will  be  populated  at  any  temperature.  Given  that  the 
transport  properties  are  strongly  coupled  to  atomic  structure,  it  is  interesting  to 
ask  whether  ionic  fluctuations  affect  the  transport  properties. 

Using  our  QMD,  we  simulated  a  fluctuating  A1i3  cluster.  After  each  5  QMD 
time  steps  of  3/s,  we  calculated  an  effective  potential  which  we  use  to  evaluate 
the  conductance  and  the  capacitance  at  that  time.  We  repeated  the  procedure 
for  two  temperatures  of  150 K  and  450 JG  The  conductance  and  capacitance  are 
plotted  as  a  function  of  time  in  Figure  2. 

Conductance  is  plotted  as  a  function  of  time  in  A.  Note  that  the  value  for 
both  temperatures  is  always  approximately  G{t)  «  3 G0-  At  the  higher  temperature 
T  =  450AT,  G(t)  shows  larger  fluctuations  than  that  at  150 K,  but  the  quantiza¬ 
tion  G  —  3 G0  is  not  destroyed  by  fluctuations  at  either  temperature.  Since  G  is 
determined  by  the  atomic  junction  (essentially  the  most  narrow  part),  this  indi¬ 
cates  that  the  number  of  propagating  modes  inside  the  atomic  junction  region  is 
not  affected  by  the  atomic  position  fluctuation.  In  addition,  the  amplitude  of  the 
fluctuations  is  not  large,  in  the  range  of  0.5 G0.  This  is  quite  different  from  that 
of  the  Na  atomic  junctions  [6]  where  larger  fluctuations  in  the  Kubo  conductivity 
have  been  obtained.  This  difference  reflects,  perhaps,  the  non-universal  nature 
of  the  fluctuation  for  different  atomic  junctions.  It  is  also  possible  that  the  Na 
junction  [6]  studied  before  had  a  very  narrow  part  which  fluctuates  much  more  to 
alter  the  propagation  subbands,  leading  to  a  larger  fluctuation  in  conductivity. 

Using  the  scattering  approach  we  also  computed  the  electro-chemical  capaci¬ 
tance  [9]  C  of  the  Alu  atomic  junction.  C(t)  does  not  stay  constant  but  seems  to 
jump  between  O.OlaF  and  0.03aF.  These  jumps  coincide  with  the  variations  in  the 
Fermi  energy  of  the  system.  C  is  plotted  in  B  (for  150AT)  and  C  (for  450A).  The 
data  is  qualitatively  the  same.  An  explanation  of  this  behavior  may  be  offered  as 
the  following.  The  electro-chemical  capacitance  of  the  system  measures  the  non¬ 
equilibrium  charge  distribution  accumulated  near  the  two  lead-device  interfaces  as 
discussed  in  Ref.  10.  Such  an  accumulation  is  proportional  to  the  local  density 
of  states  below  the  Fermi  level.  When  the  Fermi  level  varies  due  to  the  atomic 
position  fluctuation,  the  local  density  of  states  changes  leading  to  the  variation  of 
the  non-equilibrium  charge.  Hence  C  changes  its  value  as  well.  Although  a  quan¬ 
tized  capacitance  is  not  predicted  in  this  system,  it  appears  that  the  capacitance 
happens  to  jump  between  O.OlaF  and  0.03aF  for  this  range  of  temperatures.  This 
is  illustrated  in  Figure  3.  For  both  temperatures,  C  «  O.OlaF  for  Fermi  energies 
below  a  cutoff  energy  Ec  «  -0.087Fy,  and  C  »  0.03aF  for  Fermi  energies  above 
this  cutoff  energy.  It  is  interesting  to  note  that,  in  other  systems,  such  jumps 
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Figure  2:  A.  DC  conductance  G  (in  units  of  G0)  plotted  as  a  function  of  time. 
The  fluctuations  at  150A-  (solid  line)  are  slightly  smaller  than  those  at  450 K 
(dashed  line)  but  the  conductance  quantization  is  not  destroyed  in  either  case.  B. 
Capacitance  C  and  Fermi  energy  E  plotted  as  a  function  of  time  for  T  =  150 K. 
C.  Capacitance  C  and  Fermi  energy  E  plotted  as  a  function  of  time  for  T  =  450#. 
Note  that  the  jumps  in  capacitance  follow  the  jumps  in  the  Fermi  energy. 

between  two  level  states  are  thought  to  lead  to  random  telegraph  noise. 


VI.  Summary 

In  summary,  the  powerful  tool  described  in  this  paper  is  suitable  to  calculate 
transport  properties  of  atomic  scale  devices  when  electron-electron  interactions 
can  be  accounted  for  in  the  density  functional  formalism.  In  this  work,  we  have 
investigated  the  importance  of  ionic  fluctuations  in  an  AI13  cluster.  Our  results 
show  that  thermal  fluctuations  of  the  ions  do  not  destroy  conductance  quantization 
at  least  for  the  atomic  device  studied  here,  although  the  conductance  does  fluctuate 
in  a  sub-picosecond  range.  The  amplitude  of  the  conductance  fluctuation  is  smaller 
than  that  found  for  a  Na  junction,  reflecting  the  non-universal  nature  of  these 
temporal  fluctuations.  The  electro-chemical  capacitance  is  found  to  be  affected  by 
ionic  fluctuations  due  to  related  fluctuations  in  the  Fermi  energy.  For  this  atomic 
junction  it  is  interesting  that  the  capacitance  jumps  between  two  levels  for  the  two 
temperatures  studied.  Finally  we  note  that  investigations  of  transport  phenomena 
at  the  atomic  scale  are  still  in  the  early  stages.  The  ability  to  make  quantitative 
measurements  and  theoretical  predictions  at  this  scale  offers  exciting  opportunities 
in  fundamental  nano-science  and  technology. 
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Figure  3:  A.  Capacitance  C  plotted  as  a  function  of  Fermi  energy  E  for  T  =  150  A. 
B.  C  plotted  as  a  function  of  Fermi  energy  E  for  T  =  450 K.  Note  that  for  E  less 
than  a  cutoff  Ec  ~  -0.087ity,  C  ~  O.OlaF  and  C  ~  0.03 aF  for  E  >  Ec . 
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NONLINEAR  RESONANT  TUNNELLING  THROUGH 
DOUBLY  DEGENERATE  LOCAL  STATE  IN  THE 
PRESENCE  OF  STRONG  ELECTRON-PHONON 
INTERACTION 
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Kiev  252143,  Ukraine 


ABSTRACT 

In  an  approach  of  low  transparency  of  the  barrier  the  tunneling  of  elec¬ 
trons  through  doubly  degenerate  local  state  has  been  considered  with 
an  account  of  Coulomb  and  electron-phonon  interactions.  It  is  shown 
that  in  the  case  of  weak  electron-phonon  and  strong  electron-electron 
interactions  the  dependence  of  tunneling  current  on  applied  voltage  has 
a  steplike  character  at  low  temperature.  For  small  applied  bias  there  is 
a  threshold  value  in  the  current-voltage  characteristic.  In  the  region  of 
large  applied  bias,  the  bistable  state  of  the  tunneling  current  is  possi¬ 
ble.  For  both  of  the  strong  electron- phonon  and  weak  electron-electron 
interactions,  the  tunneling  current  threshold  can  be  bistable. 

INTRODUCTION 

Resonant  electron  tunneling  through  a  local  state  is  very  sensitive  to  its  position 
in  the  barrier  similarly  to  the  case  of  quantum  wells  [1-3].  This  circumstance  can  be 
used  for  effective  control  of  the  tunneling  process  [4].  For  example,  it  is  possible  to 
change  potential  field  in  the  well  by  accumulation  of  electric  charge  in  it  under  the 
tunneling.  Manyparticle  effects  can  be  important  in  this  case.  However,  this  process 
assumes  the  existence  of  many  electronic  states  which  is  not  valid  in  the  case  oi  a 
local  state.  Nevertheless,  as  it  has  been  shown  in  Ref.[5]  the  manyparticle  effects  are 
already  essential  even  in  the  case  of  doubly  degenerate  resonant  level  of  the  quantum 
well.  For  this  reason  the  manyparticle  effects  can  exist  in  for  the  resonant  tunneling 
through  degenerated  local  state.  However,  the  strong  electron-phonon  interaction  is 
possible  in  the  local  state  [6]  which  can  essentially  change  the  process  of  tunneling. 
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In  the  present  paper,  we  consider  this  problem  for  the  case  of  double  degenerated 
electronic  state  when  the  accumulation  up  to  four  electrons  in  the  local  state  is  pos¬ 
sible.  Taking  into  account  the  interaction  between  electrons  and  electron-phonon 
interaction  one  can  derive  a  number  of  properties  characteristic  of  nonlinear  tunnel¬ 
ing,  including  the  appearance  of  steplike  current-voltage  curves  and  the  bistability 
of  threshold  tunneling,  among  others.  The  detailed  consideration  is  restricted  to 
one-dimensional  case  of  resonant  tunneling.  Study  of  fluctuations  in  these  systems 
shows  that  they  can  be  practically  suppressed  [7].  The  later  is  typical  for  double 
level  systems. 


II.  HAMILTONIAN  OF  THE  SYSTEM 

We  consider  a  model  of  tunneling  with  a  double-degenerate  local  state  in  the 
barrier.  The  energy  profile  of  this  structure  is  shown  in  Fig.l.  Electrons  are  sup¬ 
posed  to  interact  via  Coulomb  interaction  and  with  phonons  in  the  local  state.  The 
Hamiltonian  describing  the  electrons  in  this  system  can  be  written  as  follows 

H  =  H0  +  Hw  +  Ht .  (1) 

The  first  term  of  this  Hamiltonian 

Ho  =  J2£L(k)ak<rak<r  +  'Ei£R(p)at*aP<'  (2) 

ka  V<r 

describes  electrons  in  the  left  electrode  (emitter)  and  in  the  right  electrode  (collector) 
(regions  1  and  3  in  Fig.l.).  Here  a£0 (a*ff)  and  a*a(apa)  are  the  creation  (annihilation) 
operators,  respectively;  £l(&)  =  €l  4-  h2k2/2niL  is  the  energy  of  electrons  in  the 
emitter,  hk  and  tur  are  their  quasimomentum  and  effective  mass,  respectively,  <r  is 
the  electron  spin.  In  the  collector  (with  an  external  potential  V  applied  across  the 
barrier),  £j*(fc)  =  h2k2/2rriR  +  sr  —  V,  where  uil  is  the  effective  mass. 

In  Eq.(l)  the  Hamiltonian  Hw  describes  electrons  and  their  interactions  in  a 
local  state  (region  2  in  Fig.l).  We  consider  the  case  when  the  local  state  is  doubly 
degenerate.  Then  Hw  can  be  written  as  follows 

Hw  =  EE°aia°+Z 

a  i 

+  7;  4>aiO‘taa{^i  d"  &f")  +  X  5!^  Vai<X2aaiact2aot2aotl  *  (3) 

a*  “  «i5*ar2 

Here  (a0)  are  the  creation  (annihilation)  operators  for  electrons  in  the  local  state. 
a  —  (l,  a),  a  is  a  spin  number,  l  is  the  quantum  state  number,  which  takes  values  1 
or  2.  The  energy  of  the  local  state  taking  into  account  the  applied  bias  is  written 
as  follows  E0  =  e0  —  7V,  where  e0  is  the  energy  of  the  local  state  and  7  is  the 
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coefficient,  7  =  aLfa ,  a  =  {aL  +  aR).  aL  and  aR  are  distances  of  local  state  from  left 
and  right  borders  of  the  barrier,  respectively.  Vai,a2  is  a  matrix  element  describing 
electron  interaction  in  the  local  state.  For  simplicity,  we  approximate  it  by  the 
positive  constant  Vai,a2  =  Uc,  corresponding  to  repulsion.  bf(bi)  are  the  creation 
(annihilation)  operators  for  phonons  of  the  i-th  mode  (HtOi  is  their  energy).  <j)ia  is  the 
matrix  element  of  the  electron-phonon  interection  for  local  states.  The  Hamiltonian 
Ht  in  Eq.(l)  describes  the  tunneling  transition  of  electrons  through  the  barrier  and 
has  the  conventional  form  [8]: 

Ht  =  X;  +  X*  Taa  +  5Z  Tkpa tap  +  C.C.,  (4) 

ka  aP  fcp 

where  Tka  and  Tpa  are  matrix  elements  of  tunneling  transition  to  the  local  states 
from  the  left  and  right  electrode,  respectively.  Tkp  is  the  matrix  element  for  direct 
tunneling  transition  from  the  emitter  to  the  collector.  In  the  general  case,  the  ma¬ 
trix  elements  depend  on  the  applied  bias. 


III.  DENSITY  OF  STATES 

Before  considering  the  density  of  states  it  is  convenient  to  transform  the  Hamil¬ 
tonian  Hw  using  the  unitary  transformation 


S  =  exp  j-  Yl  <fSia°aa^hi  “  ' 


Thus  Hw  get  the  form 


1 


Hw  =  X/  +  X!  bojjbfbj  +  -  X]  ^aaiao2aor2aal* 


(5) 


(6) 


Where 


«1#«2 


u  =  u‘-Zh^’ 


and 


E0  ~  e0  -  7  V  - 


For  the  Hamiltonian  Ht  we  obtain  respectively 

Ht  =  E  TtaSiat,  a„  +  £  TpaSha+c  a„  +  £  Tkp4ap  +  c-c’ 

ka  otp  k,p 


where  Sb  is  determined  below 

S4  =  exp  {-£^(6,-6?)}. 


(7) 
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Next  we  confine  our  consideration  to  the  case  of  electron  tunneling  without  radiation 
and  absorption  of  phonons.  After  averaging  Hamiltonians  (6)  and  (7)  over  phonon 
states  we  get 

(8) 

ft  =  E  Tk<-at<,aa  +  E  +  53  Ttrai aP  +  C.C.,  (9) 

kct  ap  kp 

where  Tpa  is 


(ii) 


The  density  of  states  p{E)  of  local  levels  can  be  determined  with  the  help  of  Fourier 
transform  of  the  retarded  Green’s  function  G(a,  a ,  E ) 

p(E)  =  ~Y,lmG(a,a,E),  (12) 

*  a 

where 

G{a,  a,  t)  =  -i0(t){[ai(t),  aa(0)]+)  (13) 

and  0(t)  is  a  unit  Heaviside  function. 

Using  the  Hamiltonian  Hw ,  the  Green’s  function  can  be  calculated  explicitly. 
For  example,  for  the  state  a  one  obtain 


G(a,a,E)  = 


1 


(E'-E0) 


i+E  e  n 


u 


m=l  mj 


ij  Qmi  E'  ~  E0  —  miU 


(14) 


with  E'  =  E  +  it]  at  r)  — >•  +0.  Here  na  =  (a+aa)  are  average  values  of  the  occupation 
numbers  of  the  a-th  state.  The  Green’s  function  has  poles  at  Em  =  E0  +  mU , 
where  m  =  0, 1,2,3.  So,  the  electon-phonon  interaction  as  well  as  the  electron- 
electron  interaction  lead  to  a  splitting  of  the  local  degenerated  states.  New  states 
are  separated  by  the  value  U.  However  in  this  case  U  may  also  take  negative  values. 
With  the  help  of  Eq.(7),  the  density  of  states  p  for  the  local  states  in  the  barrier  can 
be  calculated.  These  states  depend  on  the  occupation  numbers  of  states  na  which 
are  functions  of  the  applied  voltage.  This  is  the  reason  behind  the  nonlinearity  of 
the  tunneling  current. 
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IV.  OCCUPATION  NUMBERS 


When  the  constant  external  voltage  is  applied  to  the  system,  a  nonequilibrium 
steady-state  distribution  of  electrons  sets  in.  It  is  assumed  that  the  electron  distri¬ 
bution  functions  in  the  electrodes  are  at  equilibrium  because  of  their  large  spatial 
extent,  but  their  chemical  potentials  do  change.  The  latter  are  connected  through 
the  relation  pi  —  Pr  =  V  (where  pl  and  pr  are  the  chemical  potentials  of  the  emit¬ 
ter  and  the  collector,  respectively).  The  electron  distribution  function  g(E )  in  the 
local  state  is  essentially  nonequilibrium.  It  can  be  determined  from  the  condition  of 
equality  of  the  tunneling  current  through  the  emitter  and  the  collector  [8,9] 

g{E)  =  ^EjlTi(E)fL(E)  +  TR(E)fR(E)},  (15) 

where 

r  (E)  =  Yi(E)  +  Tr(E), 

rU£)  =  El^lE-£U*)].  (is) 

k 

rfi(£)  =  El^«l  'W-eMY 

V 

/l(E)  and  f r(E )  are  electron  distribution  functions  in  the  emitter  and  the  collector, 
respectively.  The  occupancy  of  local  states  in  the  barrier  can  be  determined  with 
the  help  of  the  expression  [10]: 

n„  =  dEg(E)lmG(a,a,E).  (17) 

As  it  follows  from  (7),  the  expression  for  na  does  not  depend  on  the  index  a.  There¬ 
fore,  mean  values  of  occupation  numbers  are  also  independent  of  the  number  of  the 
quantum  state,  and  we  can  assume  that  na  =  n.  Thus,  we  finally  obtain 

n  =  F{n )  (18) 


where 

n»)=E<^»(  l-n)3-”*”,  C"-m!(33.:ro)r 

The  functions  gm  —  g{Em)  determine  the  occupancy  of  new  states.  Thus,  Eq.(18) 
is  a  cubic  equation  for  the  occupation  numbers  n.  In  the  general  case,  this  equation 
can  have  three  solutions  in  the  interval  0  <  n  <  1.  According  to  Eq.(ll),  for  gm  =  g 
we  get  n  —  g.  The  equation  admits  three  solutions  when  go  =  gi  =  0,  i.e.  if  two 
states  are  vacant.  These  solutions  have  the  form: 

ni  =  0, 
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(19) 


Si 


"2l3  293-39*^  4(93 -39a)2 

According  to  the  condition  0  <  n  <  1,  expression  (19)  leads  to 


9fff  +  4(g3  —  3^) 


0< 


3^2 


3^2  —  93 


<2, 


9^2  -  4(3^2  -  9z)  >  0. 


These  inequalities  (15)  are  compatible  when 

2 
3 


92 


>,d+y^),  53  >  3/4. 


(20) 

(21) 


Thus,  Eq.(18)  has  three  solutions  when  the  values  of  g\  and  <73  are  close  to  unity. 
The  two  solutions  n\  and  n3  are  stable,  while  the  third  one  n2  is  unstable.  The 
stable  states  correspond  to  the  cases  when  the  local  state  does  not  contain  electrons 
or  contains  four  electrons  occupying  two  upper  levels.  The  latter  is  possible  since 
the  system  is  essentially  out  of  equilibrium. 

Matrix  elements  for  tunneling  in  the  one  dimentional  case  are  given  in  the  Ap¬ 
pendix  by  Eqs.(Al),(A2).  The  functions  F l(E)  and  Vr(E)  can  be  approximated  by 
the  value 


r  L,R  —  E  eL,ft(0).  (22) 

Here  aR  and  olr  are  the  proportionality  factors  for  the  emitter  and  the  collector, 
respectively. 

mLVlB(0,aL]E) 
aL  47t mEay/Vo  -  e0  (Vo  -  £l)  ’ 


mRV£B(aL ,  a;  E) 
4irmE9y/VQ  -  e0  ( VL  -  £rY 


and 


^3  —  0  0 

2  m  a2 

Substituting  (22)  into  (15)  and  taking  into  account  that 

/i'fi  =  {exp(^f£)+1}  ’  <23) 

where  kR  is  Boltzman  constant  and  T  is  temperature,  we  obtain  the  expression  for 
the  electron  distribution  function  gm .  For  more  detailed  investigation  of  the  prop¬ 
erties  of  Eq.  (18)  we  will  consider  same  particular  cases. 
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a.  The  case  of  U  >0. 

A  plot  of  the  dependence  of  the  occupancy  n  on  the  applied  voltage  obtained 
by  solving  Eq.(18),  at  low  temperatures  ( kBT/e  =  0.01  and  0.05)  and  pameters 
mL/mR  =  1,  7  =  0,5,  e0/e  =  1.6,  U/e  =  0.2,  is  represented  in  Fig.2.  Here  e  is 
a  normalizing  constant  having  the  order  of  magnitude  p.  It  follows  that  with  the 
applied  voltage  increases,  the  occupancy  of  the  local  state  increasing  step-wize  due 
to  consecutive  occupation  of  split  states.  Above  the  critical  value  V2,  the  occupation 
drops  abruply  to  zero  due  to  the  departure  of  the  local  states  from  resonance.  If  the 
voltage  is  lowered  below  V2>  a  jump  in  the  occupation  number  is  observed  at  a  lower 
value  of  voltage  V\.  Thus,  the  voltage  range  from  Vi  to  V2  contains  a  bistability 
region,  which  is  connected  with  the  removal  of  electrons  from  the  lower  levels  and 
with  their  attachment  to  the  upper  split  states. 

b.  The  case  of  U  <  0. 

In  this  case  the  dependence  of  the  occupancy  n  on  the  applied  voltage  is  more  com¬ 
plicated.  This  dependence  is  shown  in  Fig.3  at  U  =  —0.2  and  the  same  values  of 
parameters  as  in  Fig.2.  It  follows  that,  with  the  applied  voltage  increasing,  the 
occupancy  of  the  local  state  abruply  jumps  to  one  above  the  critical  value  V2.  If  the 
voltage  is  lowered  below  V2,  the  occupation  drops  aleruptly  to  zero  at  a  lower  value 
of  voltage  V!.  Thus,  there  is  a  voltage  range  from  Vi  to  V2  that  contains  a  bistable 
region.  The  voltage  interval  {V2  —  V\)  decreases  with  an  increase  in  temperature. 
Such  character  of  bistability  is  a  consequence  of  the  negative  value  U. 

V.  TUNNELING  CURRENT 

In  the  case  of  a  constant  applied  voltage  the  tunneling  current  through  the  double- 
barrier  structure  can  be  calculated  in  various  ways  (see,  for  example,  Refs. [9,11]). 
The  following  simple  expression  was  obtained  for  this  quantity: 

J— §/  _  MEME) 

+  §  /  dEP(E){fL(E)  -  fR(E)},  (24) 

where  e  is  the  electron  charge.  The  second  term  in  Eq.(24)  is  caused  by  the  direct 
tunneling  of  electrons  from  emiter  to  collector.  The  transparency  coefficient  P{E) 
is  defined  as  follows 


P(E)  =  £  | Tkv\H[E  -  eL(k)]S[E  -  eR(p)} 

k,P 

Where  Tkp  is  given  by  Eq.(A3)  in  the  Appendix.  For  a  low  barrier  transparency, 
T  <C  U,  the  density  of  states  p  can  be  calculated  using  formulas  (12)  and  (14),  which 
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give 


(25) 


p(B)  -  £  C3m(  1  -  nf-mnmS(E  -  Em). 

m= 0 

Then,  Eq.(24)  becames 

j-«sE  {/£(«»)  -  /«(£„)}  (i  - 

+  I -*(£)]  (26) 

The  results  of  numerical  calculations  of  Jcd{V)  for  the  same  parameters  as  those  used 
for  constructing  the  curves  in  Fig. 2  and  Fig.3  for  different  values  of  temperature  axe 
illustrated  in  Fig.4  and  Fig.5.  A  bistability  of  tunneling  current  is  due  to  the  filling 
of  electrons  in  the  upper  energy  levels  of  splitting  state.  The  toothed  form  of  the 
current  in  Fig.5  is  due  to  the  process  of  the  departure  of  local  states  from  resonance. 

VI.  CONCLUSION 

Thus,  the  electron-electron  and  electron-phonon  interactions  in  the  local  degenerate 
state  result  in  the  conductance  oscillations  of  the  tunneling  system.  The  later  is 
connected  with  the  splitting  of  electron  states  by  the  Coulomb  or  electron-phonon 
interactions.  The  value  of  splitting  defines  a  period  of  the  conductance  oscillations. 
The  steplike  form  of  the  current-voltage  curve  and  its  threshold  character  have 
some  analogy  with  an  effect  of  single-electron  tunneling  [5]  in  the  case  U  >  0.  The 
bistability  takes  place  in  the  interval  of  negative  differential  conductance.  The  sign  of 
U  determines  the  chape  of  the  current-voltage  characteristics.  In  the  case  of  a  strong 
electron-phonon  interaction  ( U  <  0),  the  steplike  character  of  the  current-voltage 
curve  takes  place  in  the  interval  of  negative  differential  conductance.  The  bistability 
takes  place  in  the  interval  of  positive  differential  conductance.  An  important  feature 
of  the  present  model  is  its  stability  with  respect  to  the  fluctuations.  A  simple 
consideration  of  the  fluctuations  of  the  occupation  numbers  of  the  local  states  results 
in 

(Sn2)  =  ((n  -  nf)  =  n(  1  -  n).  (27) 

In  the  region  of  bistability,  n  takes  values  in  the  vicinity  of  unity  or  zero.  At  these 
values  yf{Sn2)  C  n.  However,  in  the  region  of  the  current  steps  the  fluctuations  are 
comparable  with  the  charge  value.  This  conclusion  is  confirmed  by  experiment  [10]. 
With  increasing  of  temperature  the  steps  quickly  smooth  out,  due  to  the  smooth¬ 
ing  of  the  Fermi  distribution  functions.  The  region  of  their  existance  is  limited  by 
temperature  kT  U.  The  temperature  dependence  of  bistability  is  due  to  the 
change  in  functions  gm.  They  are  not  so  sensitive  to  temperature.  The  bistability 
dissapears,  when  ma xg(E)  <  3/4,  and  this  can  be  achieved  at  sufficiently  large  tem¬ 
peratures  comparable  to  g.  In  the  range  of  these  temperatures  one  can  neglect  the 
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spin  dependence  and  the  situation  becomes  similar  to  the  one  considered  in  Ref.  [2]. 
In  the  case  U  <  0,  increasing  the  temperature  leads  to  suppression  of  the  bistability. 


Appendix 

When  a  constant  voltage  is  applied  to  the  system,  the  wave  function  of  an  electron 
in  the  barrier  can  be  fond  in  WKB  approximation 

Mx)  =  ^=£(0  ,x\eL{k)) 


Mx)  =  ^g5(®, a;  C*M) 


/  (  \  -  1  f  B(x,aL;ea),  if  x  <  aL 
Va{X)  ~  y/f  {  5(aL,  x;  e«),  if  x  >  aL 


Where 

B(xux2]E)  =  exp  j-jf  2  y^/2m(V’(®)  -  5) 

Z,  and  R  are  the  collector  and  emitter  regions,  respectively;  r  is  the  radius  of  the 
local  state.  It  is  supposed  that  r  -C  cel,  ur  •  Under  the  condition  that  E  =  £l(&)  = 
=  ea  is  the  energy  of  the  tunneling  electron,  matrix  elements  TQifc,  T0)P,  Tk,p 
are 

Tka  —  JqL  ^k(x)  V(*)  Mx) dx  =  Vl  5(0,  aL;  E)  “=  (Al) 

Tpa  =  J  %{x)V(x)xl>Q{x)dx  =  VRB{aL,a\E)-j==  (A2) 


Tfcp  =  jT°  tf(x)  V(x)  Ux)  dx  =  y  5(0,  a;  E)  (A3) 

Where  Vl,  Vr,  P  are  the  average  value  of  V(x) 

V=  -  r  V(x)dx, 
a  Jo 

1  faL 

VL  =  —~  I  V{x)dx, 
a,L  Jo 
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VR  =  —  f0  V(x)  dx 
Or  JaL 

When  V(a;)  is  a  linear  function  of  x  and  the  applied  voltage  V 

V(x)  =  V0  -  y_£_ 

0-R  +  0-L 

B(x i,  x2 ;  E )  can  be  written  in  the  form 

exp{Z(xi)  —  Z(x 2)},  if  x2  <  x0 


B{x\ ,  x2\ 


,x2\E)  =  | 


where 


Xq  — 


x2  —  Xi 


exp{Z(a;i)},  if  x2  >  x0 

{^)  +  ^7  ~E) 


Z(x)  =  - 


x,V 

X2  —  Xi 

2(x0  —  a;)3  I  2 Vm 


h{x  2  —  a?i) 
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*ure  1:  Energy  profile  under  applied  voltage  V  of  a  barrier  structure 
th  localized  energy  levels. 
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Figure  2:  Dependence  of  the  population  density  n  of  the  local  state  or 
applied  voltage  V  forU/e  =  0.2.  Solid  line  is  for  kBT  =  0.01;  dashed 
line  is  for  kBT  =  0.05. 


Figure3:  Dependence  of  the  population  density  n  of  the  local  state  on 
applied  voltage  V  for  U/e  =-  0.2.  Solid  line  is  for  kBT  =  0.01;  dashed 
line  is  for  kQT  =  0.05. 
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Figured  Dependence  of  the  tunneling  current  J  J  J0,  where 
J0  =  ep  10'4  /  h,  on  the  applied  voltage  V  for  U/e  =  0.2. 


J0  =  ep  10'4  /  h,  on  the  applied  voltage  V  for  U/e  =  -  0.2. 


Electrochemical  Society  Proceedings  Volume  98-19 


662 


The  domains  of  current  in  the  resonant 
tunneling  diodes 

M.  N.  Feiginov  and  V.  A.  Volkov 
Institute  of  Radioengineering  and  Electronics  of 
Russian  Academy  of  Sciences 
11  Mokhovaya  St.,  Moscow,  103907,  Russia 
E-mail:  misha@mail.cplire.ru 


Abstract 

The  resonant  tunneling  is  accompanied  by  the  accumulation  of  the  2D 
electrons  in  the  well  between  the  barriers  of  the  double-barrier  het¬ 
erostructures.  It  leads  to  the  I-V  curve  of  Z-type  in  the  high-quality 
structures.  We  have  shown  that  it  also  leads  to  the  instability  of  the 
2D  plasmons  in  the  quantum  well.  The  build  up  of  the  instability  can 
give  rise  to  the  lateral  static  domains  in  the  tunnel  current,  that  in  its 
turn  results  in  the  kinks  in  the  region  of  the  central  arm  of  Z  of  the  I-V 
curve. 


1  Introduction 

The  double-barrier  heterostructures  (DBHS)  has  the  I-V  curves  of  N-type  [1].  Ap¬ 
proximately  10  years  ago  it  has  been  predicted  that  the  accumulation  of  the  2D 
electrons  in  the  quantum  well  (QW)  of  the  DBHS  is  to  result  in  the  transforma¬ 
tion  of  the  I-V  curve  of  N-type  to  that  of  Z-type  [2]  -  [6].  If  one  uses  the  ordinary 
experimental  technique  (say,  the  load  line  is  close  the  vertical  one),  it  is  seen  as 
hysteresis  or  bistability  in  the  I-V  curve.  A  new  experimental  technique  has  been 
proposed  recently,  where  a  negative  load  resistance  is  realized  [7].  The  technique 
allows  one  to  measure  the  I-V  curves  of  Z-type.  An  additional  peak  in  the  re¬ 
gion  of  the  central  arm  of  Z  was  observed  with  the  help  of  the  technique  [8].  The 
interpretation  of  the  experimental  results  [7],  [8]  depends  on  the  solution  of  the 
stability  problem  of  the  homogeneous  (along  the  QW)  distribution  of  the  currents 
and  charges  in  the  DBHS  with  respect  to  the  inhomogeneous  perturbation  in  the 
Z-type  region  of  the  I-V  curve.  The  first  part  of  the  paper  is  devoted  to  the  solu- 
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tion  of  the  problem.  The  problem  is  formulated  in  the  terms  of  the  2D  plasmons  - 
low-frequency  charge  oscillations  in  the  QW.  From  our  point  of  view,  the  language 
is  the  most  adequate  to  the  problem  at  hand. 

The  second  part  of  the  paper  is  devoted  to  the  the  static  nonlinear  nonhomo- 
geneous  distribution  of  the  tunnel  current  and  charge  density  in  the  QW.  It  should 
be  noted  here,  that  the  similar  problem  has  been  considered  in  [9].  The  results 
depend  in  a  complicated  way  on  the  parameters  of  the  system.  Unfortunately, 
the  situation  considered  in  [9]  (very  thin  barriers  and  the  external  circuit  being 
neglected)  is  not  applicable  to  the  experiments  [7]  and  [8]. 

In  the  paper  the  properties  of  the  2D  plasmons  (screened  by  the  high  conduct¬ 
ing  emitter  and  collector)  in  the  QW  of  DBHS  are  considered.  The  problem  of 
the  linear  stability  of  the  plasmons  is  solved.  It  is  shown  that  the  static  nonlinear 
domain-like  solutions  for  the  tunnel  current  and  charge  in  the  QW  are  possible 
and  it  is  demonstrated  how  they  affect  the  I-V  curve. 


2  Basic  equations. 


We  consider  the  DBHS  in  the  sequential  tunneling  model  [10].  The  set  of  equations 
describing  the  time  and  spatial  (®,  y)  distribution  of  the  currents  and  potentials  in 
the  QW  consists  of  the  material  equation  (1),  continuity  equation  (2),  the  equation 
(3)  that  follows  from  the  Poisson  equation  in  the  local  capacitance  approximation, 
the  equations  for  the  emitter-well  ( Jew )  (4)  and  well-collector  (Jwc)  (5)  tunnel 
currents,  respectively: 


dJ  _  <71/  ^ 

—  +  „J  =  —VE,m 

(1) 

Q 

e7T7^2  D  +  VJ  =  Jew  Jwci 

ot 

(2) 

-  Vi  =  EJnw  -  (El  - 

(3) 

-  E,w  -(£/,-  </„)  0(VW  -  £/e)]  P2D-0(V), 

T~e 

(4) 

e 

Jwc  =  ~N2d—, 

(5) 

tc 


see  the  notations  in  Fig.  1.  J(a:,y)  is  the  density  of  the  2D  current  in  the  QW; 
V  =  Uw  —  Ue.  For  simplicity  we  supposed  that  the  bottom  of  the  2D  subband  in  the 
QW  is  higher  than  the  Fermi  energy  in  the  emitter,  when  the  energy  shift  due  to 
the  external  bias  ( Vext )  is  equal  to  zero,  V  =  Vo  in  the  case.  p2D  is  the  2D  density 
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Figure  1:  The  energy  diagram  of  the  DBHS  in  the  regime  of  the  resonant  tunneling. 

of  states  in  the  QW,  N2D  -  [E}w  -  Uw\p2D  is  the  local  2D  concentration  of  the 
electrons  in  the  QW,  re  and  rc  are  the  life  times  of  electrons  in  the  QW  due  to  the 
tunneling  to  the  emitter  and  collector,  respectively.  C  =  t{L  +  d)/4nLd,  v  =  1/r 
is  the  reciprocal  momentum  relaxation  time  in  the  QW,  cr  —  N2d^2 / m*u  is  the 
static  2D  conductance  of  the  QW.  The  form-factor  0(V)  describes  the  broadening 
of  the  resonant  levels.  If  the  broadening  is  neglected,  9(V)  =  0(V),  where  9(V) 
is  the  step  function.  One  gets  the  known  Z-type  I-V  curve  from  the  set  of  Eqs. 
(1-5)  if  all  the  variables  are  supposed  to  be  static  and  homogeneous  (we  use  the 
superscript  “0”  for  the  solution). 


3  Inhomogeneous  linear  solution. 

Linearizing  the  Eqs.  (1-5)  in  the  vicinity  of  the  homogeneous  static  solution,  one 
gets  [1 1]  the  set  of  equations  describing  the  screened  2D  plasmon  in  the  QW .  The 
dispersion  Eq.  of  the  2D  plasmons  is: 
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a  v 


(6) 


Vj  =  — 
Tc 


(w  +  H/)(w  +  tt*)  =  ^^l  +  ^— J*  . 

ff(v°)  4d  r#(n _ [^-^-v0]^0) 

f  re  +  C  [  re  1  +  6*(V°)rc/re  re 


here  q  is  the  2D  wavevector  of  the  plasmons.  The  plasmons  are  unstable  in  time 
when  Im( w)  >  0.  The  analysis  of  the  Eqs.  (6)  and  (7)  (see  [11])  shows  that  the 
2D  plasmons  are  always  unstable  in  the  central  arm  of  Z  of  the  I-V  curve  if  q  <  qo 
(when  -v<uT<0  and  the  width,  W ,  of  DBHS  is  sufficiently  large:  W  >  nfqp) 
and  when  q  is  arbitrary  (if  —  vj  >  see  Fig.2;  here 


Re(oo) 


DBHS  2 


Figure  2:  The  complex  frequency  of  the  2D  screened  plasmons  as  a  function  of  the 
wave-vector  q  in  the  plane  of  the  QW.  The  plasmons  are  unstable  if  Jm( u>)  >  0. 
In  the  DBHS  1  —  v  <  Ut  <  0  and  the  2D  plasmons  with  q  <  qo  are  unstable  only; 
in  the  DBHS  2  -uT  >  v  and  the  plasmons  with  arbitrary  q  are  unstable. 
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The  instability  does  not  depend  on  the  external  circuit.  For  the  parameters  of 
DBHS  taken  from  Refs.  [7],  [8]  the  length  7r/g0  fa  150  ftm. 

4  Inhomogeneous  nonlinear  solution. 

If  —v  <  vt  <  0  the  2D  plasmons  build  up  without  oscillations  in  time  in  the  central 
arm  of  Z  of  the  I-V  curve.  The  increase  in  amplitude  should  be  stopped  by  the 
nonlinear  effects.  The  nonlinear  static  solutions  follow  from  the  set  of  Eqs.  (1-5). 
They  describe  the  domain-like  distribution  of  the  tunnel  current  and  the  2D  charge 
in  the  QW.  For  the  illustration  of  the  phenomenon  we  present  here  the  calculation 
result  of  the  inhomogeneous  tunnel  current  distribution  (see  Fig.3)  and  the  I-V 
curve  (see  Fig.4).  The  parameters  of  the  DBHS  where  taken  from  the  papers  [7], 
[8].  Due  to  the  appearance  of  the  domain  structure  in  the  tunnel  current,  the 
kinks  appear  in  the  central  arm  of  Z  of  the  I-V  curve  (see  Fig.  4)  that  qualitatively 
corresponds  to  the  experimentally  observed  [8]  features  of  the  I-V  curve  of  Z-type. 


Figure  3:  The  deviation  of  the  tunnel  current  from  the  homogeneous  solution  in 
the  case  of  2  domains  (1)  and  3  domains  (2). 
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Figure  4:  The  I-V  curves  of  the  DBHS. 


5  Conclusions. 

We  have  shown  that  in  the  high  quality  DBHS  with  the  I-V  curve  of  Z-type,  the 
2D  screened  plasmons  are  unstable  in  the  central  arm  of  the  Z  in  the  following 
cases:  1)  in  the  structures  of  any  width  (W)  if  ut  <  —v\  2)  in  sufficiently  wide 
structures  (W  >  n /qo)  if  —v<ur<  0-  The  instability  does  not  depend  on  the 
external  circuit  and  the  load  resistance  may  be  positive  as  well  as  negative.  The 
build  up  of  the  instability  can  give  rise  to  the  static  domains  in  the  tunnel  current, 
that  in  its  turn  results  in  the  kinks  in  the  Z-region  of  the  I-V  curve.  The  result  is 
in  a  qualitative  agreement  with  the  experiment  [8]. 
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ABSTRACT 

A  study  is  undertaken  concerning  the  performance  degradation  of  Si  PIN  infrared 
photodetectors  induced  by  a  -  particle  bombardment .  The  performance  degradation  is 
traced  against  the  experimental  dependence  of  detection  photocurrent  upon  incident 
infrared  photonic  flux  with  the  a  -  particle  cumulative  exposure  dose  as  a  parameter  . 
Furthermore  ,  an  experimental  investigation  is  performed  regarding  the  incident 
illumination  wavelength  selectivity  in  the  photoconductive  response  of  Si  PIN 
photodiodes  .  The  processing  of  the  experimental  results  traces  the  differing  detection 
yield  for  typical  visible  and  infrared  wavelength  illumination  ,  on  the  basis  of  the 
photocurrent  versus  photonic  flux  optoelectronic  characteristics  . 


L  INTRODUCTION 

The  obvious  technological  importance  of  optoelectronic  semiconductor 
photodetectors  has  been  paid  attention  to  by  several  researchers  ,  as  in  [1  -  6]  , 
examining  in  particular  elemental  and  composite  homostructures  and  heterostructures 
[7  -  12] . 

Si  PIN  photodiodes  ,  combining  ease  of  fabrication  with  variety  and  effectiveness 
of  application  ,  belong  to  the  extremely  interesting  of  such  microelectronic  devices  ,  as 
exemplified  by  their  integration  in  fiber  optic  waveguide  communication  systems  . 

Unfavourable  performance  degradation  is  9  on  the  other  hand  ,  known  to  result 
from  exposure  of  semiconductor  photodetectors  to  a  particle  irradiation  environment , 
as  is  the  obviously  interesting  case  of  optoelectronic  devices  carried  by  Space  vehicles 
[4  -  6] .  And  yet ,  appropriate  assessment  of  these  functional  consequences  may  allow 
for  an  alternative  way  of  radioactivity  sensing  and  counting  in  ecological  and  nuclear 
research . 

The  non-ionising  energy  loss  of  the  incoming  bombardment  particle  has  been 
monitored  for  GaAs  and  Si  structures  as  leading  to  displacement  damage  [13] . 
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Such  lattice  disruptions  are  believed  to  invoke  deep  level  defect  states  modifying  the 
electrical  properties  of  the  device  active  material  and  even  onsetting  relaxation  -  like 
and  semi  -  insulating  behaviour  [14] . 

In  the  present  Paper  ,  recent  results  are  outlined  concerning  the  performance 
degradation  of  Si  PIN  infrared  photodetectors  induced  by  a-particle  bombardment. 
Furthermore ,  the  present  work  addresses  a  frequently  encountered  yet  not  thoroughly 
resolved  aspect  of  Si  PIN  photodiode  optoelectronic  performance :  The  detection  yield 
underlying  their  photoconductive  response  to  regulated  incident  photonic  beams 
parametrised  by  the  corpuscular  photonic  flux  and  illumination  wavelength  entailed  . 

H.  EXPERIMENT 

The  experimental  configuration  comprises  the  infrared  LASER  beam  emitter  unit , 
an  optical  fiber  waveguide  ,  and  the  Si  PIN  photodetector  part  :  Double 
heterojunction  AlGaAs  infrared  LASER  diodes  emitting  in  the  0.78  pm  band  are 
launched  into  the  front  end  of  a  1  m  long  ,  3  mm  in  diametre ,  single  mode ,  Eska  high 
performance  plastic  optical  fiber  connected  at  its  rear  end  to  commercially 
conventional ,  narrow  receiving  angle  ,  linear  response  ,  fast  switching  time  ,  Si  PIN 
photodiodes  exhibiting  peak  responsivity  for  incoming  wavelengths  between  0.75  and 
1.00  pm . 

Each  double  heterostructure  AlGaAs  infrared  LASER  diode  is  controlled  through 
a  special ,  high  fidelity  ,  current  source  sustaining  up  to  54  mA  of  injection  current  . 
The  optical  power  at  the  output  port  of  the  Eska  fiber  waveguide  is  exactly  measured 
at  each  LASER  diode  injection  current  level  utilised  by  a  Melles  Griot  ,  4  digit  , 
universal  optical  power  metre  bearing  a  10  mm  aperture  Si  detector  head  .  These 
optical  power  P  measurements  along  with  the  illuminated  Si  PIN  photodiode  area  A 
lead  to  the  respective  energetic  intensity  0  =  P/A  (pW/cm2)  values  ,  which  -  through 
the  straightforward  relation  0  =  h  (c/X)  O  -  furnish  the  photonic  flux  <X>  (photons  / 
(cm2  s))  data ,  as  witnessed  by  the  Si  PIN  photodetectors ,  for  the  successive  LASER 
diode  injection  current  levels  employed  . 

The  optoelectronic  response  of  the  Si  photodiodes  ,  sensing  the  incident  infrared 
beam,  is  -  on  the  other  hand  -  monitored  at  each  experimental  step  in  terms  of  the 
photocurrent  I  flowing  through  the  detector  .  For  the  series  of  optoelectronic 
experiments  reported  here  ,  performed  at  room  temperature  ,  the  order  of  magnitude 
of  the  infrared  photonic  flux  $>  impinging  upon  the  tested  Si  PIN  photodetectors 
ranges  from  10E15  to  10E16  photons/(cm2  s)  ,  whereas  the  resulting  detection 
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photocurrent  I  permeating  the  Si  photodiodes  varies  from ,  around  ,  2  to  70  pA  . 

For  each  Si  PIN  infrared  photodetector  studied  ,  the  optoelectronic  response  1-0 
curve  is  experimentally  traced  both  prior  to  and  after  exposure  to  some  decided 
cumulative  radioactive  a  -  particle  dose  A  (a  -  particles/cm2)  materialising  through  the 
bombarding  of  the  photodetector  at  a  constant  a  -  particle  flux  (a  -  particles/(cm2  s» 
for  a  predetermined  time  interval . 

The  radioactive  a  -  particle  source  utilised  for  the  experiments  described  here  is  of 
241  Am  nuclide  with  a  2.87  mm  face  diametre  and  a  mean  emitted  a  -  particle  energy 
value  of  approximately  5  MeV  .  Care  is  taken  that  the  241  Am  source  is  properly 
situated  in  almost  direct  contact  to  each  exposed  Si  PIN  photodiode  for  the  time 
period  desired  .  The  exact  cumulative  a  -  particle  dose  to  which  the  photodetector  has 
been ,  thus ,  exposed  is  evaluated  by  consideration  of  this  time  interval  along  with  the 
accurate  a  -  particle  flux  at  the  site  of  the  exposed  photodiode  ,  measured  by  a 
Leybold  Heraeus  Geiger  -  Muller  counter . 

As  for  the  Si  PIN  photodiode  optoelectronic  response  to  typical  visible 
illumination  ,  the  same  experimental  configuration  is  utilised  but  with  GaAsP  LEDs 
producing  a  photonic  beam  with  nominal  wavelength  of  650  nm  as  the  light  emitters  . 
The  visible  photonic  flux  O  impinging  upon  the  tested  photodiodes  evolves  from  0.72 
x  10E15  to  1.72  x  10E15  photons  /  (cm2  s)  ,  whilst  the  resulting  detection 
photocurrent  I  increases  from  2.7  to  8.2  pA  .  Each  GaAsP  LED  employed  is 
controlled  through  a  current  source  allowing  for  injection  currents  up  to  200  pA . 

HI.  DETECTION  YIELD 

The  exact  definition  of  detection  yield  Y  employed  in  this  study  refers  to  the 
number  of  photogenerated  charge  carriers  per  incident  illumination  photon  and  may  be 
expressed  as  the  ratio  of  the  time  rate  of  creation  of  flowing  photocarriers  (l/e)I  (  with 
e  being  the  elementary  electron  charge  and  I  the  detection  photocurrent  responding  to 
the  illumination  beam  impinging  upon  the  studied  photodiode  )  over  the  time  rate  of 
incidence  of  illumination  photons  AO  (  with  A  being  the  exposed  photodiode  surface 
area  and  O  the  illuminating  beam  photonic  flux  (  photons  /  (  cm2  s  )  )  )  : 

Y  =  (1/e)  I /(AO)  .  (1) 

On  the  other  hand  ,  the  number  (l/e)I  of  charge  carriers  photogenerated  per  unit 
time  is  given  by  that  part  of  the  number  AO  of  illumination  photons  striking  the 
exposed  device  per  unit  time  which  having  escaped  reflection  at  the  illuminated  surface 
(  by  a  probability  of  (1-R)  ,  R  being  the  reflectivity  of  the  exposed  surface 
semiconductor  at  the  specific  illumination  wavelength)  inhabit  mainly  [15]  the 
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photodiode  depletion  zone  (  by  a  cumulative  occupation  probability  of  [1  -  exp(  -aW  )] 
-  with  a  being  the  depletion  zone  material  absorption  coefficient  for  the  specific 
illumination  wavelength  and  W  the  depletion  zone  width  valid  for  the  value  of  reverse 
bias  applied  to  the  tested  photodiode- ,  deriving  as  the  difference  between  probability 
of  photonic  entrance  into  and  probability  of  photonic  exit  from  the  depletion  zone 
extension  -  under  the  assumption  of  shallow  depletion  region  ,  materialising  for  the 
technologically  conventional  PIN  photodiodes  )  and  ,  furthermore  ,  succeed  (  by  a 
quantum  efficiency  of  F  corresponding  to  the  specific  illumination  wavelength  )  in 
being  absorbed  within  the  depletion  zone  ,  ultimately  energetically  liberating  initially 
bound  ( in  the  semiconductor  valence  band  or  at  impurity  or  lattice  defect  trap  levels ) 
charge  carriers : 

(l/e)I  =  F  [  1  -  exp(  -dW  )  ]  (1-R)  A<D  .  (2) 

It  is  ,  then ,  obvious  that  the  Si  PIN  photodiode  detection  yield  Y ,  as  defined  by 
(1) ,  is  expressible ,  by  virtue  of  (2) ,  as 

Y  =  F  [  1  -  exp(  -aW  )  ]  (1-R)  ,  (3) 

which  describes  the  detection  yield  dependence  upon  chosen  illumination  wavelength  X 
(through  the  X  -  related  quantities  F  ,  a ,  and  R  )  and  applied  reverse  bias  V  (through 
the  photodiode  depletion  region  width  W  )  . 

The  experimentally  measured  ,  now  ,  conductivity  current  through  the  illuminated 
reverse  biased  photodiodes  comprises  the  optoelectronic  response  photocurrent  I  and 
the  dark  saturation  -  recombination  current  (  saturation  of  the  dark  reverse  current 
having  been  reached  at  the  sufficiently  high  reverse  bias  of  9  V  applied  )  ,  both 
flowing  in  the  reverse  sense  with  respect  to  a  forward  biased  diode  dark  conduction 
situation . 

As ,  then ,  is  well  known  [16  - 18] ,  the  dark  saturation  -  recombination  current  is 
at  a  given  absolute  photodiode  ambient  temperature  determined  by  the  dark  depletion 
zone  built  -  in  voltage  value  and  for  the  typical  growth  parameters  of  technologically 
conventional  Si  PIN  photodiodes  is  always  of  the  order  of  some  tens  or  ,  at  most  , 
hundreds  of  a  nA .  Indeed ,  in  the  series  of  the  experiments  reported  here  the  maximum 
value  of  dark  saturation  -  recombination  current  for  the  6  commercially  typical 
photodetectors  studied  does  not  exceed  300  nA  ,  which  compared  to  the 
corresponding  total  conductivity  current  values  (equal  to  several  units  or  tens  of  a  pA  ) 
under  any  illuminating  photonic  flux  level  utilised  may  be  approximately  ignored  ,  thus 
rendering  the  directly  measured  overall  conductivity  current  adequately  approaching 
the  net  detection  photocurrent  I . 
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In  Fig.  1  ,  plotted  for  a  representative  couple  of  GaAsP  visible  LED  and 
commercially  conventional  encapsulated  Si  PIN  photodiode  ,  the  photodetector 
optoelectronic  response  experimental  characteristic  of  detection  photocurrent  I  versus 
incident  visible  photonic  flux  O  is  shown  :  The  visible  photonic  flux  <X>  impinging  upon 
the  tested  photodiodes  evolves  from  0.72  x  10E15  to  1.72  x  10E15  photons  /  (cm2  s) , 
whilst  the  resulting  detection  photocurrent  I  increases  from  2.7  to  8.2  pA  . 

Similarly ,  the  photoconductive  1-0  characteristic  of  the  previous  representative  Si 
PIN  photodiode  illuminated  by  means  of  one  of  the  double  heterojunction  AlGaAs 
infrared  LASER  diodes  is  presented  in  Fig.  2  :  Here  ,  the  incident  infrared  photonic 
flux  0  ranges  from  1.25  x  10E15  to  8.75  x  10E15  photons  /  (cm2  s)  ,  whereas  the 
optoelectronic  response  photocurrent  I  varies  from ,  around ,  10  to  about  70  pA  . 

A  first  processing  of  the  experimental  1-0  characteristics  of  the  tested  Si  PIN 
photodiodes  furnishes  the  absolute  values  (  in  photogenerated  flowing  charge  carriers 
per  incident  visible  or  infrared  illumination  photon  )  of  the  device  detection  yield  Y  , 
which  in  accordance  with  its  notion  and  definition  (1)  may  be  obtained  through  the 
photodetector  optoelectronic  response  curve  slope  (AI  /  AO)  as 

Y  =  [l/(eA)](AI/AO)  ,  (4) 

the  slope  (AI  /  AO)  having  been  calculated  by  a  least  squares  fitting  to  the  1-0 
characteristic . 

Thus ,  given  that  the  photodetector  optoelectronic  characteristic  slope  (AI  /  AO)  is 
computed  against  Fig.  1  and  2  to  be  equal  to  5.5  pA  /  [  10E15  photons  /  (cm2  s)  ]  and 
8.0  pA  /  [  10E15  photons  /  (cm2  s)  ]  for  ,  respectively  ,  visible  and  infrared 
illumination  of  the  studied  Si  PIN  photodiodes  ,  the  detection  yield  Y  absolute  value  of 
14  photogenerated  flowing  charge  carriers  per  incident  visible  photon  and  21 
photogenerated  flowing  charge  carriers  per  incident  infrared  photon  is  attained  . 

A  second  ,  straightforward  ,  processing  of  the  experiment  leads  to  the 
determination  of  relative  detection  yield  (Y  /  Y*)  for  comparing  the  photodiode 
photoconductive  responsivity  Y  valid  under  visible  at  X  —  650  nm  illumination  to  its 
optoelectronic  gain  Y*  exhibited  for  infrared  at  X  =  780  nm  illumination  (  taken  as  a 
reference) :  (Y/Y*)  =  2/3  . 

Obviously ,  in  this  manner ,  a  realistic  calibration  -  in  terms  of  (Y  /  Y*)  versus  X  - 
of  any  specific  kind  of  Si  PIN  photodiode  is  achievable ,  against  a  prechosen  reference 
(  for  instance  ,  once  more  ,  its  detection  yield  Y*  under  ifrared  at  X  =  780  nm 
illumination  )  for  a  technologically  applicable  spectrum  of  distinct  illumination 
wavelengths  X . 

Such  a  calibration  plot  might ,  then ,  serve  -  among  other  -  the  purpose  of  incident 
illumination  wavelength  recognition  via  ,  initially  ,  experimental  tracing  of  the 
calibrated  Si  PIN  photodiode  1-0  characteristic  and ,  consecutively ,  determination  of 
its  relative  detection  yield  (Y  /  Y*)  ,  with  Y  being  the  absolute  value  of  the  detection 
yield  corresponding  to  the  illumination  wavelength  X  under  recognition  . 
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IV.  RADIOACTIVITY -INDUCED  DEGRADATION 


Detailed  investigations  during  the  experiments  have  reproducibly  yielded  an  a  - 
particle  cumulative  dose  threshold  of,  around  ,  4.2  x  10E9  a  -  particles/cm2  for  the 
241  Am  ,  5  MeV  ,  a  -  particle  beam  used  ,  necessary  to  be  surpassed  for  clearly 
measurable  radioactivity  -  induced  performance  degradation  effects  in  the  conventional 
encapsulated  Si  PIN  photodetectors  studied  .  This  is  to  be  compared  to  relevant 
findings  referring  to  traceable  particle  irradiation  -  produced  operation  modifications  in 
GaAs/AlGaAs  quantum  well  infrared  photodetectors  [19]. 

A  systematic  experimental  correlation  between  magnitude  of  radioactivity  - 
induced  performance  degradation  and  a  -  particle  cumulative  dose  entailed  for  the 
exposed  conventional  encapsulated  Si  PIN  infrared  photodetectors  being  currently 
conducted  ,  first  evidence  of  the  fundamental  features  of  the  radioactivity  effect  upon 
the  Si  photodiode  optoelectronic  functionality  is  here  recorded  : 

As  shown  in  Fig.  3  ,  plotted  for  a  representative  couple  of  double  heterojunction 
AlGaAs  infrared  at  nominally  0.78  pm  LASER  diode  and  commercially  conventional 
encapsulated  Si  PIN  infrared  photodetector  ,  the  photodetector  optoelectronic 
response  I  -  <X>  experimental  curve  exhibits  the  following  major  features  of  alteration 
after  the  photodiode  exposure  to  a  cumulative  a  -  particle  dose  A  of  3.9x1 0E  10a- 
particles/cm2 ,  well  above  the  aforementioned  threshold : 

1.  Overall  attenuation  of  the  detection  photocurrent  I  for  each  photonic  flux  <D 
impinging  upon  the  photodetector  illuminated  area  by  a  factor  ranging  ,  approximately, 
from  2  (  for  high  photonic  flux  values  )  to  9  (  for  low  photonic  flux  values  )  .  The 
relative  magnitude  (4.5-5  :  1  )  of  the  detection  photocurrent  I  after  -  exposure 
attenuation  factors  for  low  and  high  values  appears  uniform  for  the  specific  different 
a  -  particle  cumulative  exposure  dose  A  levels  already  employed  ,  though  -expectedly- 
their  absolute  values  are  connected  with  the  respective  radioactivity  total  dose  level  for 
each  experimentally  traced  I  -  O  curve . 

2.  Splitting  of  the  single  pre-exposure  optoelectronic  response  linearity  into  two 
distinct  consecutive  after  -  exposure  linearity  regimes  of  different  slope  ,  stemming 
away  from  a  clearly  defined  kink  observed  at  an  incoming  photonic  flux  level  of  about 
5  x  10E15  photons/(cm2  s)  -  in  the  middle  of  the  employed  photonic  flux  range  .  It  is 
noteworthy  that  the  high  photonic  flux  after  -  exposure  linearity  regime  extends  with  a 
slope  essentially  equal  to  the  one  marking  the  single  pre-exposure  I  -  O  linearity  ,  for 
any  a  -  particle  cumulative  exposure  dose  A  surpassing  the  relevant  threshold  and 
utilised  in  the  experiments  to  -  date  . 

3.  Optoelectronic  response  stability  ,  as  manifested  by  the  inverse  of  the 
relaxation  time  preceding  the  fully  reliable  reading  of  the  successive  detection 
photocurrent  I  values ,  degraded  by  almost  a  factor  of  2  . 
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The  above  prime  characteristics  of  the  after  -  exposure  optoelectronic 
performance  of  the  tested  Si  PIN  infrared  photodetectors  appear  understandably 
consistent  with  the  adequately  established  observation  of  other  researchers  that  particle 
bombardment  -  invoked  lattice  displacement  damage  results  in  degradation  of  carrier 
mobility  and  lifetime  ,  causing  a  decrease  in  optoelectronic  device  dark  current  and 
responsivity  [20 , 21] . 


V.  CONCLUSIONS 

In  conclusion  ,  first  evidence  of  the  character  of  a  -  particle  bombardment  - 
induced  optoelectronic  performance  degradation  of  commercially  conventional 
encapsulated  Si  PIN  infrared  photodetectors  is  obtained  ,  conducive  to  reliable 
predictions  for  the  devices  functioning  either  in  a  Space  application  environment  or  as 
intended  radioactivity  sensors  and  counters  . 

Furthermore  ,  the  present  work  reports  recent  experimental  studies  of  the 
detection  yield  of  Si  PIN  photodiodes  illuminated  by  typical  visible  and  infrared 
wavelength  photonic  beams  ,  on  the  basis  of  detection  photocurrent  I  dependence 
upon  evolving  incident  photonic  flux  $  .  The  absolute  value  (  in  photogenerated 
flowing  charge  carriers  per  incident  visible  or  infrared  illumination  photon  )  of  the 
device  detection  yield  Y  is  extracted ,  as  well  as  the  photodiode  relative  detection  yield 
(Y  /  Y*)  for  an  illumination  wavelength  X  of  interest  with  respect  to  its  optoelectronic 
response  to  an  established  reference  wavelength  X*  . 
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Fig.l  ‘  Experimental  characteristic  of  detection  photocurrent  I  (pA)  versus  incident 
visible  at  X  =  650  nm  photonic  flux  <X>  (x  10E15  photons/(cm2  s))  for  a  representative 
commercially  conventional  encapsulated  Si  PIN  photdiode  . 
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Fig.2  :  Experimental  characteristic  of  detection  photocurrent  I  (pA)  versus  infrared  at 
X  ~  780  nm  photonic  flux  O  (x  10E15  photons/(cm2  s))  for  the  representative  typical 
Si  PIN  photodiode . 
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Fig.3  :  Si  PIN  infrared  photodetector  optoelectronic  response  I  -  O  representative 
experimental  curves  (  I  in  pA  ,  O  in  xl0E15  photons/(cm2  s))  prior  to  (  upper  dots  ) 
and  after  ( lower  dots  )  the  photodiode  exposure  to  a  cumulative  a-particle  dose  of  3.9 
x  10E10  a-particles  /  cm2  ,  well  above  the  pertinent  threshold  . 
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